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ABSTRACT 

Elucidation of the signal transduction pathways activated by the plant 

natriuretic peptide AtPNP-A 

Ilona Turek 

 

Plant natriuretic peptides (PNPs) comprise a novel class of hormones that share some 

sequence similarity in the active site with their animal analogues that function as 

regulators of salt and water balance. A PNP present in Arabidopsis thaliana  

(AtPNP-A) has been assigned a role in abiotic and biotic stress responses, and the 

recombinant protein has been demonstrated to elicit cyclic guanosine monophosphate 

(cGMP)-dependent stomatal guard cell opening, regulate ion movements, and induce 

osmoticum-dependent water uptake. Although the importance of the hormone in 

maintaining ion and fluid homeostasis has been established, key components of the 

AtPNP-A-dependent signal transduction pathway remain unknown.  

Since identification of the binding partners of AtPNP-A, including its receptor(s), is 

fundamental to understanding the mode of its action at the molecular level, 

comprehensive protein-protein interaction studies, involving yeast two-hybrid 

screening, affinity-based assays, protein cross-linking and co-immunoprecipitation 

followed by mass spectrometric (MS) analyses have been performed. Several 

candidate binding partners of AtPNP-A, identified with at least two independent 

methods, were subsequently expressed as recombinant proteins, purified, and the 
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specificity of their interactions with the recombinant AtPNP-A was verified using 

surface plasmon resonance.  

Several specific binary interactants of AtPNP-A were subjected to functional assays 

aimed at unraveling the consequences of the interactions in planta. These experiments 

have revealed that reactive oxygen species (ROS) are novel secondary messengers 

involved in the transduction of AtPNP-A signal in suspension-cultured cells of  

A. thaliana (Col-0). 

Further insight into the AtPNP-A dependent signalling events occurring in 

suspension-cultured cells in ROS-dependent or ROS-independent manner have been 

obtained from the large-scale proteomics study employing tandem mass tag (TMT) 

labelling followed by MS analysis to identify and relatively quantify proteins that are 

differentially expressed upon the treatment with nano- and picomolar concentrations 

of the biologically active AtPNP-A peptide at different time-points post-treatment. 

Characterization of both the AtPNP-A interactome and AtPNP-A dependent proteome 

afforded novel insights into the signal transduction pathways altered by PNPs and 

shed new light on the mechanisms by which these candidate interactants operate. 

Taken together, indications are that PNP dependent mechanisms can be harnessed for 

possible biotechnological applications. 
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CHAPTER 1. LITERATURE REVIEW 

1.1.  PEPTIDE SIGNALING 

Survival of any organism relies on the maintenance of physiological processes, 

growth and development. A major challenge imposed by multi-cellularity is 

intercellular communication that enables transmission of a signal from one cell to 

another via a complex array of signalling molecules such as hormones. These are 

defined as chemical substances produced in one part of an organism, released into the 

extracellular compartments and affecting target tissues in places often at a distance 

from the cells that produce them. Recognition of hormones, functioning as chemical 

signals at low concentrations, is made possible by the presence of specific receptors 

either embedded in the plasma membrane (PM) at the cell surface or in the cells. 

Perceiving of a hormone ligand by a specific receptor is followed by the initiation of a 

specific signal transduction pathway, often involving phosphorylation or 

de-phosphorylation of other proteins, subsequent changes in ion channel permeability 

or transient increase of molecules acting as secondary messengers (e.g. Ca2+, cGMP). 

These second messengers not only mediate the response, but can also amplify the 

signal to potentiate or sustain the response. 

In animals, intercellular communication is largely mediated by lipid-insoluble peptide 

hormones recognized by PM receptors (Kahn, 1976), and to a lesser degree by 

steroids - lipid-soluble molecules perceived by cytoplasmic or nuclear receptors 

(Walters & Nemere, 2004). Typically peptide hormones range from 3 to 50 amino 

acid (aa) residues (Sonmez et al., 2009) that are usually processed from ~100 to 500 

aa-long precursor proteins (prohormones) (Douglass, Civelli, & Herbert, 1984). 



 26 
Moreover, animal peptide hormones are evolutionarily conserved and are recognized 

by evolutionarily conserved receptors, enabling the regulation of a broad spectrum 

responses including defence, growth and development, discrimination of self and 

non-self in the immune system (Blalock, Harbour-McMenamin, & Smith, 1985), and 

regulation of food intake (Mack et al., 2007). Some well-known examples of this 

group of chemical messengers are insulin and endorphins common to mammals 

(Ryan, Pearce, Scheer, & Moura, 2002).  

In contrast to the extensive documentation of peptide hormone signalling in animals, 

little is known about this type of signal transmission in plants. Until recently 

intercellular communication in plant kingdom appeared to rely on a structurally 

unrelated collection of phytohormones, which consisted of only organic and 

non-peptidic molecules (Davis, Hein, Neely, Sharp, & Carnes, 1985). In plants 

hormone-dependent responses traditionally have been thought to be mediated by only 

five non-peptidic hormones affecting various aspects of plant physiology and 

development (Kende & Zeevaart, 1997). The group of five classical hormones, 

comprising auxins (chiefly responsible for cell elongation, division and 

differentiation), cytokinins (regulating cell division), gibberellins (mediating stem 

elongation), ethylene (associated with fruit ripening) and abscisic acid (ABA) 

(regulating dormancy, germination and stress responses) seemed to be remarkably 

different from hormones in animal system. Plant hormones appeared to be fewer in 

number, less complex in structure, affecting most cells, while animals appeared to 

produce more complex hormones, each of which usually targets a small number of 

cells, triggering highly specific responses.  

However, during the last two decades the number of known plant hormones has 

grown from five to more than ten non-protein phytohormones (Santner & Estelle, 
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2009), including salicylic acid (SA), nitric oxide, strigolactones as well as 

brassinosteroids and jasmonic acid (JA), that resemble animal steroids and 

prostaglandins, respectively (Schaller, 2001). The addition of signalling molecules 

analogous to animal hormones to the group of plant hormones underscores that the 

principles of signalling in plants and animals do show more similarities than 

previously expected (Schaller, 2001). Therefore, the question whether plants, like 

animals, transmit signal via peptide hormones arose. Although it was traditionally 

thought that small, diffusible molecules comprising the group of phytohormones are 

able to pass through the cell walls between adjacent cells with much more ease than 

relatively large peptide hormones would (Becraft, 1998), several lines of evidence 

have indicated that in plants too peptidic hormones are widely used as signalling 

molecules. Consequently, peptide signals were recently elevated to the phytohormone 

status.  

1.2.  OVERVIEW OF PLANT PEPTIDE HORMONES 

The first evidence that plant cells could use peptides as signalling molecules was 

provided over 20 years ago by the discovery of systemin - a systemically acting 

phloem-mobile wound signal mediating the defence response against herbivorous 

insects (Pearce, Strydom, Johnson, & Ryan, 1991). Until now a handful of plant 

peptide hormones families have been identified, and the majority of them show 

numerous similarities to the peptide hormones present in animal systems – most of 

them are active at femto-molar concentrations, usually contain an N-terminal signal 

motif, are often cleaved from precursor molecules, secreted into the extracellular 

matrix and recognized by specific membrane-bound receptors on the surface of target 

cells (Ryan, Pearce, Scheer, & Moura, 2001). It is highly likely that to-date only a few 
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of the signalling peptides are known and further plant peptide signalling molecules 

remain to be identified and characterized. 

Several receptors of plant peptide hormones have been discovered by biochemical and 

mutational analyses, and these receptors predominantly belong to a family of 

receptor-like kinases (RLKs) – a group of PM receptors with the ability to 

phosphorylate other proteins. The Arabidopsis genome alone encodes > 600 putative 

RLKs, 222 of which belong to the large superfamily of leucine-rich repeat 

receptor-like kinases (LRR-RLKs) (Matsubayashi, 2003). The LRR-RLKs are of 

particular interest, since they contain an extracellular leucine-rich repeat (LRR) 

domain involved in protein-peptide interactions. The LRR-RLK superfamily 

comprises putative receptors for many currently characterised plant peptide hormones 

(Boller, 2005).  

Plant peptide hormones signal through distinct families of peptide ligand – receptor 

pairs (Table 1.1). These are involved in a number of processes, such as wound 

responses, cellular proliferation and dedifferentiation, meristem maintenance and  

self-incompatibility, and are integrated with signals from other plant growth 

regulators.  
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Table 1.1. Peptide families and the peptide – receptor pairs identified in plants  
(modified after (Butenko, Vie, Brembu, Aalen, & Bones, 2009)).  

 

Ligand 
family 

Known 
members in 
Arabidopsis 

Ligand – receptor pairs 
Ligand1 Receptor RLK 

class 
Biological function 

(BF) 
      

CLEDSU 32 genes CLV3* CLV1 or 
CLV2 and 
CRN 
(SOL2)4 

LRR-XI Meristem 
maintenance 

IDADSU 7 genes IDA HAE/HSL2 LRR-XI Floral abscission 
TPD1SU 2 genes TPD1* EMS1 LRR-X Cell fate 

determination in 
anthers 

PROPEPSDU 7 genes AtPEP1* PEPR1 LRR-XI Amplification of 
innate defence 
responses 

SCRLSDU 28 genes SCR* SRK S-domain Self-incompatibility 
response 

SysteminN Not present2 Tomato 
systemin* 

SR160 LRR-X Systemic defence 
responses 

PSKSDU 6 genes PSK1* PSKR1 LRR-X Cellular proliferation 
and differentiation 

PSY1SD 3 genes PSY1 At1g72300 LRR-X Cellular proliferation 
and differentiation 

PLSN Single-copy 
gene 

PLS - - Root growth and 
development 

DVLNS 23 genes ROT4 
(DVL16) 

- - Cell proliferation and 
leaf morfogenesis 

RALFSDU 34 putative 
RALF-like 
genes 

RALF FER5 - Innate immune 
responses 

CEP1SDU 5 genes CEP1 - - Root growth and 
development 

ENOD40U Single-copy 
gene3 

ENOD40 - - Root nodule initiation 
and development in 
legumes 

 

 

D Processing dependent; N Non-secreted; S Secreted; U Universal; 1 An asterisk (*) indicates 
an evidence for biochemical interaction; 2 Specific for Solanaceae; 3 Homology is based on 
conserved RNA structures rather than on conserved aa sequence; 4 Neither CLV2 or CRN 
(SOL2) are LRR-RLKs, but the heterodimer constitutes a functional unit with extracellular 
LRR domains (CLV2) and an intracellular kinase domain (CRN (SOL2)); 5 FER does not 
belong to the LRR-RLK family, but is a Ser/Thr protein kinase. 
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The peptide hormone system in plants includes the largest peptide signalling group of 

CLAVATA3 (CLV3) / Endosperm Surrounding Region (ESR)-related (CLE) 

proteins, with three functionally redundant receptors responsible for perception of 

CLV3: CLAVATA1 (CLV1) RK (Clark, Williams, & Meyerowitz, 1997; Ogawa, 

Shinohara, Sakagami, & Matsubayashi, 2008), CLAVATA2 (CLV2)-CORYNE 

(CRN)/suppressor of lectin-like protein 1 (LLP1) 2 (SOL2) (Miwa et al., 2008; 

Müller, Bleckmann, & Simon, 2008), and receptor-like protein kinase 2 (RPK2) 

(Kinoshita et al., 2010). A family of phytosulfokines (PSKs) (Matsubayashi & 

Sakagami, 1996) is perceived by phytosulfokine receptor 1 (PSKR1) (Matsubayashi, 

Ogawa, Morita, & Sakagami, 2002), while a family of inflorescence deficient in 

abscission (IDA) peptides interacts with HAESA (HAE) and HAESA-Like2 (HSL2) 

RLKs (Stenvik et al., 2008). Moreover, a family of small secreted S-locus cysteine 

(Cys)-rich (SCR) proteins (Schopfer, Nasrallah, & Nasrallah, 1999) interacts with the 

single-pass TM serine (Ser)/threonine (Thr) receptor kinase (SRK) (Kachroo, 

Schopfer, Nasrallah, & Nasrallah, 2001), whereas systemin (McGurl, Pearce, Orozco-

Cardenas, & Ryan, 1992) is perceived by the 160-kDa cell-surface systemin receptor 

(SR160) (Scheer & Ryan, 1999). Plant peptide containing sulphated tyrosine (Tyr) 1 

(PSY1) is a ligand for At1g72300, which is an LRR-RK (Amano, Tsubouchi, 

Shinohara, Ogawa, & Matsubayashi, 2007), and peptide 1 (Pep1) (Huffaker, Pearce, 

& Ryan, 2006) interacts with another LRR-RK termed Pep1 receptor (PEPR1) 

(Huffaker & Ryan, 2007). Perception of tapetum determinant 1 (TPD1) (Yang et al., 

2003) depends on LRR-RLK termed Excess Microsporocytes 1 (EMS1), also known 

as Extra Sporogenous cells (EXS) (Jia, Liu, Owen, & Zhao, 2008). Recently, a 

Ser/Thr protein kinase receptor for the rapid alkalinization factor (RALF) (Felix & 
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Boller, 1995), named FERONIA (FER) has also been identified (Haruta, Sabat, 

Stecker, Minkoff, & Sussman, 2014). 

To-date the receptors for POLARIS (PLS) (Casson et al., 2002), DEVIL (DVL) 

(Wen, Lease, & Walker, 2004), C-terminally encoded peptide 1 (CEP1) (Ohyama, 

Ogawa, & Matsubayashi, 2008), early nodulin 40 (ENOD40) (Charon, Johansson, 

Kondorosi, Kondorosi, & Crespi, 1997), and PNPs (Gehring & Irving, 2003) have not 

been identified.  

Due to the growing diversity and complexity of the plant peptide hormones, only 

systemin and PSKs will be reviewed here. 

Systemin is an 18 aa-long proteolytic C-terminal product of a 200-aa precursor 

molecule (prosystemin) identified in tomato leaves (McGurl et al., 1992) and 

functions in plant defence responses by inducing synthesis of protease inhibitors as a 

wound response (Felix & Boller, 1995). The hormone is perceived by the systemin 

receptor SR160 - a 160 kDa membrane receptor that is a member of a LRR-RLK 

family identified by photoaffinity-labelling (Scheer & Ryan, 2002). Systemin and 

SR160 purified from carrot cell membranes interact with the dissociation constant 

(Kd) of approximately 0.1 nM (Meindl, Boller, & Felix, 1998). Responses to systemin 

include rapid induction of dose-dependent alkalinization of the culture medium, an 

increase in activity of 1-aminocyclopropane-1-carboxylate synthase - an enzyme 

crucial in ethylene biosynthesis, an increase of extracellular K+ concentration, 

increased activity of plant defence enzymes inhibiting digestive proteases of the 

insects (Felix & Boller, 1995) as well as the induction of protease inhibitors in 

unwounded tissues at femtomolar concentrations (Schaller & Ryan, 1996). The 

systemin-activated signalling cascades involve release of linoleic acid from 

membranes, and its conversion to the oxylipins, phytodienoic acid and JA through the 
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octadecanoid pathway (Conconi, Miquel, Browse, & Ryan, 1996). Intriguingly, plant 

oxylipins are structural analogues of animal prostaglandins derived from arachidonic 

acid in response to many signals, including peptide factors (Bergey, Howe, & Ryan, 

1996). In addition, similarities between the defence signalling pathway in tomato 

leaves and those of animal macrophages and mast cells invite speculation that both 

plant and animal defence pathways may have evolved from a common ancestral 

origin (Bergey et al., 1996). 

Another group of plant peptide hormones, the PSKs, has also recently been 

discovered and characterized. PSKs regulate cell proliferation, elongation and root 

elongation mainly due to cell extension (Kutschmar et al., 2009). PSKs were 

originally discovered as cell proliferation agents essential for low density cell cultures 

and isolated from dispersed asparagus (Asparagus officinalis) mesophyll suspension 

cell culture medium (Matsubayashi & Sakagami, 1996) and shown to be conserved 

between monocot and dicot plants (Matsubayashi, Takagi, Omura, Morita, & 

Sakagami, 1999). Five PSKs encoding genes are found in A. thaliana (Yang, 

Matsubayashi, Nakamura, & Sakagami, 2001). PSKs gained their names due to the 

presence of sulphate esters at a Tyr residue preceded by an acidic residue 

(Matsubayashi & Sakagami, 1996). PSKs (Takayama & Sakagami, 2002) and PSY1 

glycopeptide (Amano et al., 2007) are currently the only examples of  

post-translational sulfation of Tyr residues in plants. In this respect, PSKs and PSY1 

resemble animal peptides with sulphated Tyr residues. Moreover, a class of 

tyrosylprotein sulfotransferase (TPST) enzymes that, in analogy to their counterparts 

in animals, catalyse Tyr O-sulfation of plant peptides, have been discovered in 

microsomal membranes of carrot cells (Hanai et al., 2000) thus shedding light on this 

post-translational modification common for both plant and animal kingdom. 
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PSKs consist of two types of peptides, PSK-α and PSK-β, synthesised from an 80-aa 

precursor (proPSK) (Matsubayashi, 2003) and requiring post-translational sulfation to 

become active (Matsubayashi, 2003). Pentapeptide PSK-α, which is less abundant and 

more active than its C-terminally truncated form PSK-β, stimulates proliferation of 

plant cells in low-density cultures at concentration of 1 nM, while tetrapeptide PSK-β 

exhibits its mitogenic activity at concentration of 10 nM (Matsubayashi & Sakagami, 

1996). Photoaffinity labelling of PM fractions derived from rice SCC revealed that 

PSK-α interacts with a 120 kDa and 160 kDa cell membrane-localized LRR-RLKs 

(Matsubayashi & Sakagami, 2000), leading to the activation of a set of genes 

responsible for cellular de-differentiation and re-differentiation (Takayama & 

Sakagami, 2002). The membrane-localized 120 kDa PSK receptor PSKR1 has been 

purified from solubilized carrot (Daucus carota) microsomes by ligand-based affinity 

chromatography (AC) and termed DcPSKR1 (Matsubayashi, Ogawa, Morita, & 

Sakagami, 2002). Furthermore, research on A. thaliana led to identification of a 

150 kDa PSK receptor (AtPSKR1) (Matsubayashi, Ogawa, Kihara, Niwa, & 

Sakagami, 2006) with overlapping functional kinase and guanylyl cyclase (GC) 

domains (Kwezi, Ruzvidzo, Wheeler, Govender, & Iacuone, 2011) that are capable of 

protein phosphorylation and production of cGMP in vitro. Until now other 

components relaying the downstream signalling pathways following binding of 

PSK-α to its receptor are not known. Interestingly, PSK-α, but not its non-sulphated 

form, has been shown to induce rapid (> 5 minutes) increases in cGMP levels in A. 

thaliana protoplasts, indicating the importance of this post-translational modification 

in initiating a PSK-α-activated signalling cascade that involves production of cGMP 

(Kwezi, Ruzvidzo, Wheeler, Govender, & Iacuone, 2011).  
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In addition to the variety of processes modulated by plant peptide hormones such as 

defence responses, organogenesis and development, some of these peptide signals 

have role in maintaining overall plant homeostasis. Here one such peptide hormone, 

termed PNP, will be discussed in detail below. 

1.3.  NATRIURETIC PEPTIDE SYSTEM 

1.3.1.  Animal natriuretic peptides 

The natriuretic peptides (NPs) comprise a family of ring-shaped peptide hormones 

identified in vertebrate species ranging from cyclostomes to mammals (Kawakoshi, 

Hyodo, Yasuda, & Takei, 2003) where they have a pivotal role in the regulation of 

salt and water homeostasis. NPs are produced as pre-prohormones, which are cleaved 

to their mature form upon release. 

1.3.1.1. Mammalian natriuretic peptides 

In mammals, five types of NPs acting as natriuretic, diuretic and vasodilating agents 

have been identified. These are: atrial natriuretic peptide (ANP), B-type natriuretic 

peptide (BNP), C-type natriuretic peptide (CNP), Dendroaspis natriuretic peptide 

(DNP) and urodilatin. 

ANPs have been first identified in extracts of rat atria over thirty years ago (DeBold, 

Borenstein, Veress, & Sonnenberg, 1981), but are also present in heart ventricles and 

the kidney. The C-terminal fragment of ANP (ANP, 99-126), produced by a two-step 

processing from ANP preproprotein, is considered the major biologically active form 

of the peptide, and will be referred to as ANP. ANP signals in an endocrine and 

paracrine manner to decrease blood pressure and cardiac hypertrophy. In contrast, 

BNP, also known as brain NP due to its discovery in extracts of porcine brain (Sudoh, 
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Kangawa, Minamino, & Matsuo, 1988), is secreted from cardiac ventricles in 

response to extensive stretching of cardiomyocytes and acts locally to reduce 

ventricular fibrosis (Potter, Yoder, Flora, Antos, & Dickey, 2009). CNP (Sudoh, 

Minamino, Kangawa, & Matsuo, 1990), synthesized as a propeptide, is the most 

highly expressed NP in the brain and is also abundant in chondrocytes and endothelial 

cells exposed to cytokines. DNP, originally isolated from the venom of a green 

mamba snake (Dendroaspis angusticeps) (Schweitz, Vigne, Moinier, Frelin, & 

Lazdunski, 1992) is also present is human vasculature (Best, Burnett, Wilson, 

Holmes, & Lerman, 2002), while urodilatin – a 32-aa peptide generated by alternative 

processing of proANP (Feller, Gagelmann, & Forssmann, 1989) – is localized in the 

kidney.  

All five types of NPs identified in mammals show considerable sequence homology 

(Potter, Abbey-Hosch, & Dickey, 2006), sharing a conserved 17-aa sequence, 

CFG{3X}DRI{4X}GLGC with cysteine residues forming a ring structure (Figure 

1.1) required for biological activity of NPs (Misono, Grammer, Fukumi, & Inagami, 

1984). NPs are degraded by neutral endopeptidases (Kenny, Bourne, & Ingram, 

1993).  

Function of NPs in salt and water homeostasis is mediated via modulation of cation 

movements that include inhibition of apical amiloride-sensitive Na+ channels and 

deactivation of basolateral Na+, K+-ATPases in renal tubular cells (Aperia et al., 

1994), enabling Na+ reabsorption. In particular, ANP has been shown to facilitate K+ 

excretion and increase conductance of K+ channels in rat glomerular mesangial cells, 

and promote a K+ current in atrial ventricular papillary muscle (Cermak, Kleta, 

Forssmann, & Schatter, 1996). In addition, ANP as well as its second messenger 

cGMP activates Ca2+-dependent K+ channels in mesangial cells and Ca2+ channel in 
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early developing cardiomyocytes (Miao et al., 2010). Finally, ANP has been shown to 

block the aquaporin 1 (AQP1)-mediated increase in water permeability, hence 

implying a direct effect of ANP on water channels (Patil, Han, & Wax, 1997).  

 
Figure 1.1. Cardiac NPs signalling in adipocytes. ANP and BNP produced by the heart 
regulate adipocyte lipolysis by binding to two homodimeric receptors, NPR-A and NPR-C. 
Binding of NPs to NPR-A activates GC, producing cGMP, which activates cGMP-dependent 
protein kinase (PKG). PKG-mediated phosphorylation triggers a signalling cascade that 
results in enhanced lipolysis and activation of p38 mitogen-activated protein kinase, as well 
as inducing the brown-fat thermogenesis pathway. In parallel with this mechanism, 
ß-adrenergic signalling activates adenylate cyclase, producing cyclic adenosine 
monophosphate (cAMP), binding of which to the regulatory subunits of cAMP-dependent 
protein kinase releases its catalytic subunits, initiating a signalling cascade that also 
independently stimulates these two pathways. The so-called clearance receptor, NPR-C, binds 
and internalizes NPs, which targets them to be degraded. The ratio of NPR-A and NPR-C is, 
therefore, important determinant of the strength of NPR-A-PKG signalling (Collins, 2014).   

Recent observations of decreased levels of ANP and BNP in obese animals and 

humans led to identification of a novel function of NPs in stimulating lipolysis in 

adipocytes and promoting uncoupling of mitochondrial respiration and thermogenesis 
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in brown adipocytes (Collins, 2014) (Figure 1.1). All these responses result from the 

signalling pathways activated by binding of NPs to their membrane-bound receptors. 

1.3.1.2. Mammalian receptors for NPs 

Three distinct types of NP receptors (NPRs), called NPR-A, NPR-B, and NPR-C, 

have been identified in mammalian cell membranes by photoaffinity labelling with 

125I-ANP (Misono, Grammer, Rigby, & Inagami, 1985) and by chemical cross-linking 

experiments (Vandlen, Arcuri, & Napier, 1985; Schenk et al., 1987). A 120 kDa 

NPR-A was the first time purified from rat lung by sequential chromatographic steps, 

and the resulting protein showed strong (Kd = 150 pM) binding to 125I-ANP (Kuno et 

al., 1986). Intriguingly, the protein co-fractionated with a protein with GC activity 

(conversion of guanosine triphosphate (GTP) into cyclic cGMP) (Kuno et al., 1986). 

The cDNA sequence of NPR-A, and subsequently NPR-B (Chang et al., 1989), found 

by probing a rat brain cDNA library with urchin cDNA, encode particulate 

(membrane-bound) GCs (pGCs) (Chinkers et al., 1989) and suggested the presence of 

a GC domain in the structure of these receptors. This was subsequently confirmed by 

125I-ANP-binding and ANP-dependent GC activity experiments in cells containing 

NPR-A cDNA (Chinkers et al., 1989) and NPR-B cDNA (Schulz et al., 1989). Since 

the C-terminal portion of both receptors has GC enzymatic activity, NPR-A and 

NPR-B were collectively named the GC-coupled receptors, or GC-A and GC-B, 

respectively. These NPRs contain an approximately 450 aa ligand-binding 

extracellular domain (ECD) with five N-linked oligosaccharides and two sets of 

conserved intramolecular disulphide bonds (Cys60-Cys86, Cys423-Cys432), a single 

membrane-spanning region of 20-25 aa, and approximately 570 aa intracellular 

domain (ICD) that carries a protein-like kinase domain (PLKD) and a catalytic GC 

domain (Potter, 2005) (Figure 1.2).  
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Despite the shared overall topology of NPR-A and NPR-B, the 78% homology of 

their ICDs and 43% homology of ECDs (Schulz et al., 1989) implied different 

binding selectivity. NPR-A displays a binding affinity in order of ANP > BNP >> 

CNP, with Kd for ANP of ~1 nM (Takayanagi et al., 1987), whereas NPR-B is 

selectively activated by CNP showing an affinity 10 to 500-fold greater than ANP or 

BNP (Koller et al., 1991). The binding stoichiometry of both receptors to their ligands 

is 2:1 (Koller et al., 1991), but since no crystal structure of any NPR-B domain is 

available, the majority of the information on structure and molecular mechanism of 

GC-coupled NPRs is based on the structure of the NPR-A only. In its native state, 

NPR-A occurs as a homodimer or disulphide-linked homotetramer (Iwata et al., 

1991), and its oligomerization is ligand-independent (Chinkers & Wilson, 1992). 

Although NPR-A was found to form heteromers with NPR-B, NPR-A acts as a 

preformed homodimer with a head-to-head configuration (De Léan, McNicoll, & 

Labrecque, 2003) with a conserved chloride (Cl-)-binding site occurring near the ECD 

dimerization interface (Ogawa, Qiu, Ogata, & Misono, 2004). Binding of ANP is Cl- 

concentration dependent (van den Akker et al., 2000) over a range from 0.05 to  

10 mM (Misono, 2000). The importance of oligosaccharide moieties in hormone 

binding has been debated, but recent studies suggest that although glycosylation may 

be required for folding and transportation of receptor polypeptides to the cell 

membrane, the sugar chains are not directly involved in interactions with the ligand 

(Miyagi, Zhang, & Misono, 2000). Photolabelling studies revealed Arg174-Leu186 

region of the human NPR-A as the contact point for the N-terminus of human ANP 

(hANP) peptide (Jossart et al., 2005).  
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Figure 1.2. Model of the structures and functions of NPs and their receptors present in 
mammals (Potter & Hunter, 2001).  

Moreover, a juxtamembrane region of ECD that contains a highly conserved 

receptor-GC-signalling motif, with a conserved Pro417 residue and a disulphide bond, 

plays a critical role in trans-membrane signal transduction (Huo, Abe, & Misono, 

1999). Although binding of adenosine triphosphate (ATP) to a PKLD motif was 

considered relevant for activation of GC-coupled NPRs (Kurose, Inagami, & Ui, 

1987; Chinkers, Singh, & Garbers, 1991), it may not be required for initial activation 

of NPRs (Antos & Potter, 2007). The structures of both apo-ECD dimer and 

ANP-ECD complex of NPR-A were resolved by X-ray crystallography (van den 
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Akker et al., 2000; Ogawa, Qiu, Ogata, & Misono, 2004), observed by single-particle 

electron microscopy (Ogawa et al., 2009) and revealed distinct quaternary structural 

changes of ECD in response to binding of ANP and a ligand-induced rotation 

mechanism in the juxtamembrane region that is believed to trigger trans-membrane 

signal transduction. Nevertheless, since the crystal structure of full-length NPR-A has 

not been resolved yet, the role of PKLD in signal transduction and the mechanism of 

GC activation remains a matter of speculation.  

In contrast to NPR-A and NPR-B, the NPR-C contains a short (37-aa) ICD with no 

GC domain or activity (Figure 1.2). Due to its role in internalizing and metabolizing 

NPs, NPR-C is also referred to as the clearance receptor. NPR-C was first purified by 

AC on ANP-agarose with a low pH (≤ 5.0) elution step (Schenk et al., 1987). The 

~440-aa long ECD of NPR-C has about 30% homology with ECDs of GC-coupled 

NPRs and contains analogous glycosylation sites and two conserved intramolecular 

disulphide bonds, and has two additional intermolecular disulphide bonds. Therefore, 

NPR-C can exist as a monomer (66 kDa) and as a disulphide-linked homodimer  

(130 kDa) (Fuller et al., 1988). NPR-C is implicated in phospholipase C activation 

(Hirata, Chang, & Murad, 1989) or in adenylyl cyclase inhibition through inhibitory 

guanine nucleotide regulatory protein (Gi) (Anand-Srivastava, Srivastava, & Cantin, 

1987; Anand-Srivastava, Sairam, & Cantin, 1990) due to the presence of several Gi 

activator sequences on the cytoplasmic domain of the receptor (Pagano & Anand-

Srivastava, 2001). The rank order of NPs binding to NPR-C is ANP ≥ CNP > BNP, 

with Kd for CNP and ANP of 10-140 pM (Potter, Abbey-Hosch, & Dickey, 2006). 

The 2:1 receptor–ligand binding stoichiometry, common to all NPRs, was confirmed 

by isothermal titration calorimetry and applied while resolving the crystal structure of 

NPR-C with CNP bound (He, Chow, Martick, & Garcia, 2001). 
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1.3.2.  Plant natriuretic peptides 

1.3.2.1. Discovery of PNPs 

The first evidence of NPs presence in plant systems was observed over two decades 

ago, when leaves and stems of Florida beauty (Dracaena godseffiana) were subjected 

to radioimmunoassay (RIA) with antibodies specific to different fragments of 

proANP: N-terminal (proANP, 1-98), the mid-portion (proANP, 31-67), and the 

C-terminal fragment (proANP, 99-126; called ANP). All three peptides homologous 

to the animal NPs have been detected in both tissues at concentrations ~100 ng g-1 of 

plant tissue, which is higher than in rat ventricles, but lower than in rat atria (Vesely 

& Giordano, 1991). RIA standard curves and high performance gel permeation 

chromatography indicated that these peptides show high degrees of similarity to their 

analogues present in vertebrates (Vesely, Gower, & Giordano, 1993). Moreover, each 

of the peptides detected in RIA, except the one identified by antibody specific to 

ANP, showed an ability to enhance the flow of water up the stems as well as to 

increase the absorption of solutions and rate of transpiration at picomolar 

concentration (Vesely, Gower, & Giordano, 1993). Subsequently, it was demonstrated 

that the synthetic rat ANP (rANP), corresponding to the C-terminal fragment of 

proANP, can also induce biological responses, but at higher concentration (≥ 1 µM), 

causing concentration-dependent stomatal opening in leaf tissue of Tradescantia 

albiflora (Gehring, Khalid, Toop, & Donald, 1996). Finally, the first biologically 

active PNP was isolated from leaf extract of English ivy (Hedera helix) (Billington, 

Pharmawati, & Gehring, 1997). Since then biologically active plant molecules 

recognized by anti-human ANP (anti-hANP) rabbit serum have been referred to as 

immunoreactant plant natriuretic peptides (irPNPs). 
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The PNPs are found throughout the plant kingdom, from unicellular green algae 

Euglena sp. through Bryophyta to Tracheophyta, suggesting that the NP system has 

evolved early in evolution (Vesely, Gower, & Giordano, 1993). Tissue printing of 

irPNPs in ivy and potato (Solanum tuberosum) revealed irPNP in vascular tissues of 

leaves, petioles and stems, with the strongest immunoreaction occurring in  

phloem-associated cells, xylem cells and parenchymatic cells. Tissue section 

immunofluorescent labelling additionally showed the immunoreactants to be 

concentrated in stomatal guard cells and the adjacent apoplastic space (Maryani et al., 

2003). In addition, removal of the shoot in Plectranthus ciliates was shown to induce 

the synthesis and/or release of irPNP into the xylem, leading to higher relative 

abundance of irPNP in xylem sap than in leaves (Maryani et al., 2003). These 

observations hinted at systemic mobility of irPNPs and their augmented amount in 

response to homeostatic disturbance indicated a function in plant stress responses. 

Further evidence of the role of irPNP in plant homeostasis came from observations of 

increased levels of native irPNP in salt-stressed Erucastrum strigosum shoots and in 

suspension-cultured cells (SCC) of A. thaliana exposed to elevated concentrations of 

NaCl or sorbitol (Rafudeen et al., 2003), suggesting PNPs function in counteracting 

salinity and/or drought stress. 

1.3.2.2. Identification of AtPNP-A 

An irPNP from leaf extract of potato (Solanum tuberosum) (Maryani, Bradley, Cahill, 

& Gehring, 2001) has been isolated and partially sequenced with the Edman 

degradation methods and later a homologous A. thaliana sequence was identified and 

termed AtPNP-A (AAD08935) (Ludidi, Heazlewood, Seoighe, Irving, & Gehring, 

2002). The 478bp-long genomic sequence contains one 100 bp intron and encodes a 

protein of 130aa (~14.5 kDa). The alignment of the newly identified protein, 
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containing a predicted N-terminal signal peptide that is typical for excreted peptides, 

with the hANP, an antigen for the antibody used to isolate the irPNP, shows some 

sequence similarity (Figure 1.3). 

 
Figure 1.3. Domain organization of AtPNP-A and aa sequence alignment with hANP. 
Aas 1-25 (brown) are the signal peptide, aas 26-130 (purple) are the predicted exported 
portion of AtPNP-A, the active region (33-66) indicated in pink shows similarity to hANP. 
The conserved Cys residues that form disulphide bond are underlined; identical residues are 
indicated by an asterisk (*), conserved residues by a colon (:), and  
semi-conserved residues by a full stop (.). 

In order to determine the active region of AtPNP-A, nanomolar concentrations of 

different fragments of immunoaffinity purified recombinant AtPNP-A were tested in 

protoplast swelling assays and this helped delineating the biologically active site 

(AtPNP-A[33-66]) required for volume increase due to net water up-take (Morse, 

Pironcheva, & Gehring, 2004). Shorter synthetic peptides encompassing the region of 

interest revealed that although AtPNP-A[33-66], with its two Cys residues capable of 

forming a disulphide bond, induced the highest increase in protoplast volume, 

peptides showing some degree of secondary structure (AtPNP-A[45-56] and  

AtPNP-A[55-66]) also caused significant response compared to the control (Wang, 

Gehring, Cahill, & Irving, 2007). In addition, irreversible linearization of the most 

efficient synthetic peptide resulted in loss of this effect. These findings indicated the 

requirement for proper secondary and tertiary structure of AtPNP-A to display full 

biological activity, which is suggestive of the existence of specific receptor – ligand 

interaction. 
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Unstressed plants have been shown to express both full length AtPNP-A and the 

shortened form (without predicted signal peptide), while under stress conditions only 

the shorter form was detected (Rafudeen et al., 2003). This stress-induced processing 

of AtPNP-A indicates that, like other irPNPs, the protein is an extracellular and 

mobile signalling molecule with functions in plant stress responses. The predicted 

presence of the signal peptide (Ludidi et al., 2002) has been supported by localization 

of AtPNP-A in conductive tissue, purification of the hormone in its active form from 

xylem exudate (Maryani et al., 2003), and its MS identification in the apoplastic 

proteome (Boudart et al., 2005). Moreover, secretion of AtPNP-A to the extracellular 

space due to the presence of the N-terminal signal peptide has been experimentally 

verified with AtPNP-A:green fluorescent protein (GFP) reporter constructs and flow 

cytometry (Wang, Gehring, & Irving, 2011).  

The spatial pattern of AtPNP-A, investigated using a ProAtPNP-A: β-glucuronidase 

(GUS) fusion construct, indicated expression and synthesis of the PNP mainly in leaf 

mesophyll tissue and partially in the cortex tissue of stems during vegetative growth, 

with no GUS activity detected in roots, implying that PNP-A production is restricted 

to shoots (Wang, Gehring, & Irving, 2011). Analysis of Arabidopsis microarray data 

indicated that both biotic (e.g. caused by plant pathogens, such as biotroph 

Phytophtora infestans) and abiotic stress factors (such as K+ starvation, heat, 

osmotica, and salt) augment AtPNP-A expression (Meier et al., 2008), which was 

experimentally confirmed at the transcript and protein level (Wang, Gehring, & 

Irving, 2011; Breitenbach et al., 2014). Moreover, recent study identified AtPNP-A as 

one of the apoplastic, Enhanced Disease Susceptibility1 (EDS1)-dependent (AED) 

protein (and named AED14), as the accumulation of AtPNP-A transcript was induced 

in EDS1-dependent manner by Pst/AvrRpm1 and the relative AtPNP-A protein 
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accumulation was observed in the apoplast-enriched extracts from the 

AvrRpm1-hemmaglutinin expressing wild-type (WT) plants compared with the eds1-2 

mutant plants (Breitenbach et al., 2014). Although expression of PNP in A. thaliana, 

analysed 24h post-treatment, has been up-regulated both in response to NaCl and 

osmoticum stress, the increase has been more pronounced in response to 300 mM 

sorbitol (an osmo-equivalent of 150 mM NaCl) than in response to 150 mM NaCl at 

which growth of the SCC is arrested (Rafudeen et al., 2003). This observation 

suggests that up-regulated AtPNP-A counteracts increasing osmotic stress rather than 

modulating NaCl transport, and may therefore be a late and adaptive response. 

Moreover, AtPNP-A itself has been shown to rapidly enhance its own expression 

(Wang, Gehring, & Irving, 2011; Wang, Donaldson, Gehring, & Irving, 2011) and 

this is diagnostic for an autocrine (i.e. on the cell that produces it) or paracrine (i.e. on 

adjacent cells) response. 

1.3.2.3. Domain organization and predicted structure of AtPNP-A 

Although ANP and AtPNP-A are considered functional analogues, they are not likely 

to be related in an evolutionary sense, and their sequence similarity (Figure 1.3) is a 

result of convergent evolution (Ludidi, Heazlewood, Seoighe, Irving, & Gehring, 

2002). The only proteins sharing significant sequence similarity to ~12-14 kDa 

PNP-like molecules are ~25 kDa cell wall-loosening expansins. In silico analysis 

revealed that both groups may have evolved from an ancestral glucanase-like 

molecules that hydrolysed the cell wall, function in the extra-cytosolic space, but 

seem to play different roles. Similarly to expansins, AtPNP-A contains an N-terminal 

signal peptide (Figure 1.4 A) that directs these molecules to the extracellular space 

and predisposes them to act systemically. In contrary, AtPNP-A lacks the 

cellulose-binding domain that is present in the structure of expansins. This feature 
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increases mobility of the hormone and supports the hypothesis of a systemic mode of 

action. Moreover, various effects mediated by PNP-like molecules on protoplasts – an 

experimental system lacking cell walls - led to the conclusion that cell wall, a 

substrate for expansins, is not a substrate for the PNPs. Nevertheless, these divergent 

roles may not preclude AtPNP-A and expansins from cooperation in plant growth and 

especially in cell elongation growth. 

Based on the crystal structure of the N-terminal domain of Phl P1 of the Timothy 

Grass Pollen Allergen, a fold model of AtPNP-A with a double-Ψ β-barrel structure 

has been proposed (Ludidi et al., 2004). The biologically active site of the molecule, 

and the site where the epitope for anti-hANP resides, is located on the domain 

spanning β2 and β3 strand flanking the α helix (Figure 1.4 B).  

A) B) 
 

         

     

Figure 1.4. Domain organization of expansins and AtPNP-A (A) and predicted fold 
model of AtPNP-A (B). A) AtPNP-A lacks the cellulose binding domain of expansins 
(modified after (Gehring & Irving, 2003). B) Localization of the activity domain of AtPNP-A 
in its predicted fold model is indicated with arrows (Ludidi et al., 2004).  

Interestingly, domain organization and general fold model predicted for AtPNP-A 

also applies to other PNP-like molecules discovered to-date (Ludidi, Heazlewood, 

Seoighe, Irving, & Gehring, 2002; Gottig et al., 2008). They share numerous features: 

close phylogenetic relationship, common domain organization and sequence, the 

presence of conserved disulphide bonds, systemically mobile nature, and similar 

function in modulating salt and water homeostasis (Gehring & Irving, 2003). 
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1.3.2.4. Other PNP-like molecules 

Apart from AtPNP-A, another PNP-like molecule, called AtPNP-B (CAB79756), has 

been identified in A. thaliana (Ludidi, Heazlewood, Seoighe, Irving, & Gehring, 

2002). This small (~13 kDa) protein shows 37% aa identity with AtPNP-A, but does 

not show similarity to the epitope shared by vertebrate ANP and AtPNP-A and in 

consequence is not purified with anti-hANP antibody. Interestingly, AtPNP-B shows 

high (54%) sequence similarity with CjBAp12 (AAD03398) (Maryani, Bradley, 

Cahill, & Gehring, 2001; Ludidi, Heazlewood, Seoighe, Irving, & Gehring, 2002), a 

PNP-like blight-induced protein (Ceccardi, Barthe, & Derrick, 1998) possibly 

counteracting the homeostatic disturbances due to limitation of water and nutrient 

availability caused by pathogen in rough lemon (Citrus jambhiri) (Nembaware, 

Seoighe, Sayed, & Gehring, 2004); AtPNP-B is also referred to as blight-associated 

protein homolog (BAPH), and its expression is up-regulated in response to stress 

conditions (Meier et al., 2008).  

A decade ago, another PNP-like protein, expressed by the bacterial citrus pathogen 

Xanthomonas axonopodis pv. citri and named XacPNP, has been discovered 

(Nembaware et al., 2004). The XacPNP protein has no homologues in other bacteria 

but shares significant similarity and identical domain organization with AtPNP-A. 

Both proteins have the ability to induce stomatal opening and protoplast swelling that 

is strongly inhibited in the presence of cycloheximide (Gottig et al., 2008). The 

XacPNP gene encoding this protein may have been acquired by the bacteria through 

ancient horizontal gene transfer that occurred before the monocot – dicot split (Gottig 

et al., 2009). The encoded protein is not expressed under nutrient rich conditions, but 

under conditions mimicking nutrient poor intercellular apoplastic environment and in 

infected tissue. Moreover, XacPNP is responsible for the formation of wet lesions due 
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to hyper-hydration of the infected host tissue, and induces changes in host 

photosynthesis improving physiological conditions of the infected tissue (Garavaglia 

et al., 2010). Therefore, it is conceivable that this bacterial irPNP-like protein mimics 

host PNP in order to affect homeostatic balance of the plant and manipulate its 

responses to create conditions favourable to its own survival. 

1.3.2.5. Biological responses elicited by PNPs in plants 

The discovery that synthetic rANP can induce stomatal opening at a concentration of 

1 µM (Gehring, Khalid, Toop, & Donald, 1996) was followed by observation that 

also irPNP at concentration of 20 nM (Billington, Pharmawati, & Gehring, 1997) and 

recombinant AtPNP-A (> 70 nM) exogenously applied to whole leaves result in 

analogous, cGMP-dependent stomatal guard cell responses (Morse et al., 2004). 

Reversible inhibition of rANP-induced increases in stomatal aperture by several GC 

inhibitors (Pharmawati, Gehring, & Irving, 1998; Pharmawati, Maryani, 

Nikolakopoulos, Gehring, & Irving, 2001) and the finding that a cell-permeable 

analogue of cGMP (8-Br-cGMP) mimics rANP action only when applied alone, but 

not in the presence of the stomatal closure promoting ABA hormone, that does not 

signal via cGMP but via Ca2+, pointed at an rANP-dependent activation of GC 

(Pharmawati, Billington, & Gehring, 1998). Moreover, inhibition of cGMP-dependent 

rANP- and irPNP-induced stomata opening in Vicia faba by Ca2+ modulators 

suggested that NP-dependent elevation of cGMP concentration is linked to 

intracellular Ca2+ levels, that inhibits both the hydrolytic activity and H+ pumping 

activity of H+-ATPase, the key enzyme in stomata opening, causing stomatal closure 

(Pharmawati, Maryani, Nikolakopoulos, Gehring, & Irving, 2001). Therefore, it is 

conceivable that AtPNP-A and ABA may influence each other by controlling the 

convergent components, e.g. Ca2+ and cGMP, as irPNP-induced cGMP elevation is 
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dependent on Ca2+ levels increased by ABA, while cGMP could give rise to Ca2+ 

signals. Interestingly, recombinant AtPNP-A has been shown to significantly delay 

and reduce the extent of ABA-induced stomatal closure, while the latter had no effect 

on either AtPNP-A-induced guard cell volume increases or AtPNP-A dependent 

cGMP increases (Wang, Gehring, Cahill, & Irving, 2007). Although the cross-talk 

between PNPs and ABA remains unresolved (Wang, Gehring, & Irving, 2011), the 

AtPNP-A-dependent modulation of the ABA effect on stomatal aperture may be part 

of the in planta function of AtPNP-A, especially in counteracting abiotic stress. 

Since AtPNP-A is known to be synthesized mainly by mesophyll cells in leaves and  

up-regulated by heat, salt and osmoticum (Wang, Gehring, & Irving, 2011), AtPNP-A 

dependent modulation of transpiration and gas exchange is not unexpected. Indeed, 

recombinant AtPNP-A has been shown to directly increase stomatal conductance and 

transpiration rates, which are linked to decreases in leaf photosynthesis rates (Gottig 

et al., 2008). Moreover, the AtPNP-A-induced increase in the cellular respiration rate 

was further confirmed by the rapid (after 5 minutes) dose- and time-dependent 

enhancement of the Plectranthus ecklonii leaf dark respiration rate (Ruzvidzo, 

Donaldson, Valentine, & Gehring, 2011). The response is promoted in a directional 

manner, relating to the time post-treatment, and has been also observed in distal 

leaves. This indicates that locally applied AtPNP-A can induce phloem-mobile signal, 

which rapidly modifies plant homeostasis in distal parts of the plant, hence providing 

evidence that AtPNP-A treatment influences plant physiology at system level. The 

AtPNP-A-induced elevation of the dark respiration rate was suggested to act as an 

early stress-response to provide energy for more delayed stress-specific responses.  

Specific and rapid irPNP-dependent elevation of cGMP concentration in not limited 

to stomatal guard cells and has also been observed in maize (Zea mays) root stele 



 50 
tissue (Pharmawati, Gehring, & Irving, 1998). Postulated irPNP functions in 

regulating water and solute movements in and out of this tissue have been supported 

by PNP-dependent H2O movements out of the xylem of Tradescantia multiflora 

shoots. Quantitation of dye movement together with determination of tissue water 

exchange ratios by deuterium nuclear magnetic reconance (2H NMR) revealed that 

both rANP and irPNP can enhance radial water movements out of the xylem 

(Suwastika & Gehring, 1998), indicating a systemic role of PNPs in water and solute 

homeostasis in plants. Since the response was induced by 8-Br-cGMP, but 

significantly inhibited by a water channel inhibitor and a GC inhibitor, it was 

proposed that PNP-induced radial water movements involve modulation of cGMP 

levels and water channels.  

Additional evidence for an NP-dependent role in water and solute homeostasis was 

provided by observation of osmoticum-dependent volume changes in leaf mesophyll 

cell protoplasts (MCPs), a cGMP-independent process modulated by rANP and irPNP 

as well as the full-length and several fragments of the recombinant AtPNP-A (Morse, 

Pironcheva, & Gehring, 2004; Wang, Gehring, Cahill, & Irving, 2007) in 

concentration- and time-dependent manner (Maryani, Bradley, Cahill, & Gehing, 

2001). Modulation of protoplast volume changes by irPNP was in consistence with 

previously observed irPNP-induced stomatal opening that requires guard cell swelling 

caused by net water uptake. In addition, it has been demonstrated that protoplasts 

swelling response is significantly reduced when cytoplasmic AtPNP-A synthesis is 

inhibited by cycloheximide (Rafudeen et al., 2003). Therefore, the mechanism driving 

AtPNP-A response appears to be dependent, at least in part, on de novo protein 

synthesis. One of the proteins rapidly synthesized in response to AtPNP-A treatment 

is AtPNP-A itself – the hormone can enhance its expression, and seems to act not 
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only in a paracrine, but also autocrine manner (Wang, Gehring, & Irving, 2011; 

Wang, Donaldson, Gehring, & Irving, 2011). The other proteins synthesized upon 

treatment with AtPNP-A may be enzymes enabling rapid production and/or 

re-compartmentalisation of compatible solutes (e.g. proline, mannitol). That mode of 

action is in accordance with the PNP-induced increases in water movement out of the 

xylem, protoplast swelling, and stomatal opening. This notion is supported by 

recently observed XacPNP-induced degradation of starch in stomatal guard cells, 

which may lead to an increase in solute content that in turn causes water net uptake 

and hence guard cell opening (Gottig et al., 2008).  

In analogy to animal NPs (Aperia et al., 1994; Miao et al., 2010), PNPs exert their 

functions by modulating ion fluxes across PM. The rANP promotes K+ influx in 

guard cells, since it induced stomatal opening in the presence and absence of Na+, and 

inhibits the amiloride-sensitive Na+/H+ channel, as it partly overcomes the inhibition 

of auxin-induced stomata opening caused by high extracellular concentration of Na+ 

(Gehring, Khalid, Toop, & Donald, 1996). Net ion fluxes measured non-invasively 

across membranes of maize root conductive tissue revealed that irPNP caused 

immediate (< 1 min) net H+ influx and delayed (> 20 min) net K+ and Na+ uptake 

(Pharmawati, Shabala, Newman, & Gehring, 1999). Although guard cell and radial 

water movements, as well as volume regulation, are partly dependent on activity of 

PM H+-ATPase, irPNP has been shown to stimulate ATP hydrolysis, but not H+ 

pumping activity of H+-ATPase in microsomal membranes purified from S. 

tuberosum guard cell protoplasts (Pharmawati, Maryani, Nikolakopoulos, Gehring, & 

Irving, 2001). This finding, together with previous observations including rapid 

irPNP-induced net H+ influx (Pharmawati, Shabala, Newman, & Gehring, 1999), a 

requirement of irPNP for high external concentration of Cl- in order to reduce 
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ATP-dependent trans-membrane gradient, and irPNP-induced net Cl- uptake into 

vesicles of potato leaf tissue (Maryani, Shabala, & Gehring, 2000), supported the 

hypothesis that irPNP modulates H+/Cl- symporter, and H+ carried back into the cell 

further stimulates the H+-ATPase. It is conceivable that PNPs may act as an additional 

control mechanism able to modulate the activity of H+-ATPase. Furthermore, a 

recombinant AtPNP-A has been shown to cause rapid (< 5 min) and sustained H+ 

influx in the elongation zone of intact A. thaliana roots, but not in the mature zone. 

Significant K+ and Na+ effluxes, occurring probably due to the action of non-selective 

cation channels gated directly or indirectly by AtPNP-A, were induced in the mature 

zone only (Ludidi et al., 2004). Spatially differentiated AtPNP-A-induced ion flux 

changes suggested that responses to the hormone are both developmental stage- and 

tissue-specific, pointing to complex physiological roles and mechanisms.  

In summary, the findings described are indicative of a complex array of 

AtPNP-A-dependent cellular effects (Figure 1.5) that are consistent with an important 

systemic function of PNPs in plant homeostasis and abiotic stress responses in 

particular.  

 
Figure 1.5. Model of AtPNP-A action at the cellular level. AtPNP-A triggers cGMP 
increase either directly through receptor GC (pGC), or indirectly through soluble GC (sGC). 
AtPNP-A and/or cGMP-dependent downstream effects include modulation of ion channels, 
affecting cytosolic Ca2+ levels, activation of phosphorylation through kinases, regulation of 
transcription, AQPs and chloroplast function (modified after (Gottig et al., 2009)).  
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1.3.2.6. The AtPNP-A receptor(s) 

Several lines of evidence indicate that plant responses induced by AtPNP-A are 

receptor mediated. Firstly, irreversibly linearized rANP (Pharmawati, Billington, & 

Gehring, 1998) and AtPNP-A (Wang, Gehring, Cahill, & Irving, 2007) showed no 

biological activity in either stomata opening or protoplast swelling assays, excluding a 

non-specific charge effect residing in the primary structure. This implied the 

requirement for three-dimensional conformation of the ligand – a feature compatible 

with a specific receptor – ligand interaction, also demonstrated in NP system in 

animals (Misono, Fukumi, Grammer, & Inagami, 1984). Secondly, in vitro binding 

assays showed specific binding of radiolabelled rANP to membranes isolated from 

leaf tissue of Tradescantia sp., and 50% displacement of 1 pM 125I-rANP with 

0.1 µM rANP (Gehring, Khalid, Toop, & Donald, 1996). Furthermore, specific 

binding of the ligand to leaf and stem tissue PM was confirmed both in vitro and in 

situ, and competitive displacement with micromolar concentration of rANP and 

irANP indicated the presence of specific high-affinity binding site on plant PM 

(Suwastika, Toop, Irving, & Gehring, 2000). Lastly, since irPNP isolated from H. 

helix induced stomata opening at concentration significantly lower than those required 

by rANP (Billington, Pharmawati, & Gehring, 1997), the interaction between ligand 

and endogenous peptide seems to be highly specific. 

Several AtPNP-A–dependent responses observed in experimental systems that did not 

contain cell walls suggest that the hormone can act directly on the PM, and given the 

hydrophilic nature of AtPNP-A the presence of membrane-bound receptor specific to 

AtPNP-A appears likely. Since effects of AtPNP-A could be mimicked by ANP, the 

putative receptor for AtPNP-A recognizes both peptides, thus its ligand-binding 

region may be similar to the one present in the structure of NPR-A. Moreover, 
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AtPNP-A – in analogy to ANP in vertebrates – transiently augments intracellular 

level of cGMP (Pharmawati, Gehring, & Irving, 1998), hence it may be inferred that 

this second messenger may have similar roles in the NP signal transduction pathways 

operated via membrane-embedded GC receptors present in both kingdoms. Therefore, 

it is conceivable that the plant NP receptor may also contain a cytosolic GC domain, 

or at least transduce the signal via soluble GC(s). We speculate that the overall 

topology of the receptor for AtPNP-A may resemble the structure of NPR-A or other 

mammalian NPRs. 

Here we present a series of experiments designed to better understand the mode of 

action of AtPNP-A, which is fundamental to elucidate signalling pathways modulated 

by the hormone. Predominantly, the work focuses on answering the following 

questions:  

- Which proteins interact with AtPNP-A? 

- Does AtPNP-A and synthetic peptide corresponding to its active site 

specifically interact with selected binding partners? 

- Does AtPNP-A modulate the activity of identified interactants in vitro or in 

vivo? 

- What other secondary messengers are components of the AtPNP-A-dependent 

signalling cascade? 

- Which proteins are differentially regulated upon treatment of A. thaliana cells 

with AtPNP-A in a concentration- and time-dependent manner? 

The insight into the AtPNP-A–dependent signalling obtained in this study is expected 

to find its application in agricultural biotechnology by conferring increased stress 

tolerance to plants. 
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CHAPTER 2. IDENTIFICATION OF CANDIDATE INTERACTANTS OF 

ATPNP-A 

Abstract 

Despite the increasing number of plant physiological responses reported as being 

mediated by PNP in the model plant A. thaliana, AtPNP-A-dependent signaling 

events still remain unclear. Determination of the key components in AtPNP-A signal 

transduction promises deeper insight both into still elusive molecular modes of 

AtPNP-A action and plant physiological responses induced by the hormone. Here we 

present a series of experiments used to identify proteins with which AtPNP-A 

interacts, either directly or indirectly. Extensive protein-protein interaction (PPI) 

studies were conducted in an attempt to determine putative interactants of AtPNP-A 

and four complementary methods were employed: in vitro affinity chromatography 

followed by mass spectrometry (AC/MS), in vivo cross-linking followed by AC/MS, 

in vitro co-immunoprecipitation followed by mass spectrometric analysis (Co-IP/MS), 

and in vivo yeast two-hybrid screening (Y2H). The two first approaches were 

performed with biotinylated peptides containing the active region of AtPNP-A, which 

by itself can induce net water uptake into A. thaliana protoplasts much like the 

full-length purified recombinant AtPNP-A protein. In order to shed light on some of 

the signal transduction pathways affected by AtPNP-A, seven candidate interactants, 

identified with high confidence and/or considered particularly interesting in terms of 

biological processed they mediate, have been selected for further characterization of 

their interactions with the hormone.  
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2.1. INTRODUCTION 

AtPNP-A has been shown to elicit various physiological responses that include tissue 

specific ion movements (Pharmawati, Shabala, Newman, & Gehring, 1999); Maryani, 

Shabala, & Gehring, 2000; Pharmawati, Maryani, Nikolakopoulos, Gehring, & Irving, 

2001; Ludidi et al., 2004), regulation of stomatal guard cell movements (Pharmawati, 

Billington, & Gehring, 1998; Pharmawati et al., 2001), induction of water movements 

(Suwastika & Gehring, 1998) and osmoticum-dependent water uptake (Maryani, 

Bradley, Cahill, & Gehring, 2001; Morse, Pironcheva, & Gehring, 2004); Wang, 

Gehring, Cahill, & Irving, 2007), decrease in the leaf photosynthesis rate (Gottig et 

al., 2008) and enhancement of dark respiration rate (Ruzvidzo et al., 2011). Although 

the importance of this hormone in ion and fluid homeostasis relevant to plant growth 

has been established, the molecular mode of its action as well as AtPNP-A-dependent 

signalling events are still far from being understood. Due to the potential application 

of PNPs in conferring increased stress tolerance to plants, which may have an impact 

on agricultural biotechnology, elucidation of molecular mechanisms driving plant 

responses to AtPNP-A is of a considerable interest.  

Identification of proteins the hormone interacts with is the key to understand how 

AtPNP-A exerts its functions in plants, as PPIs are the basis for most cellular 

processes, including signalling, protein synthesis and metabolism. To date no 

interactant of AtPNP-A has been determined. In an attempt to identify interacting 

partners of the hormone, four complementary and partially overlapping approaches 

have been used. These include two in vitro methods: AC performed on proteins 

extracted from three tissues of A. thaliana followed by MS, and Co-IP performed on 

proteins extracted from leaf tissue of A. thaliana followed by MS, as well as two in 

vivo approaches, namely cross-linking of proteins expressed by A. thaliana MCPs 
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followed by AC/MS, and a high-throughput Y2H screen performed in yeast nucleus 

aimed to identify binary interactions.  
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2.2. MATERIALS AND METHODS 

2.2.1. Preparation of A. thaliana plant material 

Arabidopsis thaliana Columbia ecotype (Col-0) seeds were obtained from Dr Lara 

Donaldson (Biomolecular Laboratory, King Abdullah University of Science and 

Technology). The seeds were sterilized by shaking for 5 min in 70% (v/v) ethanol, 

followed by spinning down and aspiration of ethanol. After addition of 10% (v/v) 

bleach and 0.02% (v/v) Triton X-100, the seeds were shaken for another 10 min. The 

sterilized seeds were subsequently washed four times in sterile H2O before 

re-suspension in 0.1% (w/v) agar. Sterilized seeds were stored at 4°C to vernalize for 

at least 48 h (usually 4 days) prior to sowing in a mixture of Jiffy disc soil and 

vermiculite in 5-cm pots in a controlled environment growth chamber at the specified 

photoperiod at a white light irradiance of 150 µmol quanta m-2 s-1 at leaf level, 23°C, 

65% humidity, and given Phostrogen nutrient solution once per week. The CO2 

concentration was maintained at 400 µL L-1 (air), and a long day (LD) photoperiod 

was constant, with a 16 h light and 8 h dark regime. 

2.2.2. Isolation of AtPNP-A 

2.2.2.1. Primer design  

The genomic sequence of AtPNP-A (At1g18660) gene, retrieved from The 

Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org) revealed 

presence of two introns. Forward (For) and reverse (Rev) primers designed to amplify 

the gene product from cDNA enabled obtaining a 318-bp long fragment of AtPNP-A 

that does not include the region coding for the signal peptide (bases 1 – 75), but 

included the region encoding the exported portion of AtPNP-A protein. The pair of 
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gene-specific primers used included 5'-ATGGCTCAAGGAAAAGCTGTC-3' as a 

For primer and 5'-TCATATCGGTGTGTATACGACAC-3' as a Rev primer. 

2.2.2.2. RNA isolation and cDNA synthesis 

Total RNA was isolated from 3-week-old WT Arabidopsis (Col-0) seedlings using the 

RNeasy Mini Kit (QIAGEN, Germany) according to the manufacturer's instructions. 

First strand cDNA was synthesized using SuperScript III Reverse Transcriptase 

(Invitrogen, UK) and oligo(dT)18 as a primer according to the manufacturer's 

instructions. After quantification of concentration of the newly synthesized cDNA 

using Nanodrop ND 1000 spectrophotometer (Thermo Fisher Scientific, USA), cDNA 

was immediately frozen at -80°C. 

2.2.2.3. PCR amplification of AtPNP-A from cDNA 

The fragment of coding DNA sequence (CDS) of AtPNP-A gene, without the region 

encoding the signal peptide, was amplified by polymerase chain reaction (PCR) with 

the use of ten times diluted cDNA as a template. Amplification was performed on a 

Veriti Thermal Cycler (Applied Biosystems, USA) in 0.2 mL reaction tubes. Each 

20 µL reaction contained 0.3 mM each deoxynucleotide (dNTP), 0.3 µM For primer, 

0.3 µM Rev primer, 50 ng of cDNA, and 0.4 U KAPA HiFi DNA polymerase (Kapa 

Biosystems, USA). The thermal cycling parameters used were as follows: initial 

denaturation at 95°C for 2 min, followed by 20 s denaturation at 98°C, subsequent 

35-cycle 20 s-long primer annealing at 60°C, followed by 30 s extension. After the 

completion of a 2 min final extension stage at 72°C, the PCR solution was kept at 

4°C, subsequently resolved on a 1% (w/v) agarose TAE gel in TAE buffer (40 mM 

Tris-Cl, 1 mM EDTA, 20 mM acetic acid (AcOH), pH 7.8; 2.5 µg mL-1 ethidium 

bromide) at 90 V for an hour, and examined under short wavelength (λ) ultraviolet 
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(UV) illumination to determine both the yield and the size of the amplified PCR 

product. Visualization of the bands and image of the agarose gel were acquired using 

Molecular Imager Gel Doc XR+ System equipped with Image Lab software  

(Bio-Rad, USA). The cDNA fragment encoding the fragment of AtPNP-A 

corresponding to the size of 318 bp was excised from the gel and purified using the 

Wizard SV Gel and PCR Clean-up System (Promega, USA). Concentration of the 

PCR product was quantified using a Nanodrop ND 1000 spectrophotometer (Thermo 

Fisher Scientific, USA).  

2.2.3. Preparation of pCR8/GW-TOPO TA–AtPNP-A and pDEST17–AtPNP-A 

constructs 

2.2.3.1. Recombination cloning into the pCR8/GW-TOPO TA entry vector 

Freshly prepared PCR product was purified and subjected to addition of a single 

deoxyadenosine (A)-overhangs at the 3'-ends of each strand of the PCR product to 

allow efficient ligation of the PCR insert with the linearized pCR8/GW-TOPO TA 

vector (Invitrogen, USA) containing single overhanging 3' deoxythymidine (T) 

residues (Figure 2.1 B) and spectinomycin resistance gene (Figure 2.1 A). The 

addition of A residues was performed in 50 µL reaction that contained 0.2 mM 

2’-deoxyadenosine 5’-triphosphate (dATP), approximately 500 ng of the PCR 

product, and 1 U KAPA Taq DNA polymerase (Kapa Biosystems, USA). After 5 min 

incubation at 72°C in a Veriti Thermal Cycler (Applied Biosystems, USA), the PCR 

product containing A-overhangs was again purified using the Wizard SV Gel and 

PCR Clean-up System (Promega, USA), and its concentration was quantified using a 

Nanodrop ND 1000 spectrophotometer (Thermo Fisher Scientific, USA).  
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A)     

                                       

B)       

 

Figure 2.1. Features of the pCR8/GW-TOPO TA entry vector. A) Physical map of the 
plasmid. B) Sequence map of the vector showing the cloning site (from Invitrogen manual; 
March 2012, MAN0000437). 

 
Subsequently, a TOPO cloning reaction was set up according to the manufacturer's 

instruction (Invitrogen, USA), and 50 µL of chemically competent One Shot TOP10 

cells (Invitrogen, USA) were transformed with 2 µL of the TOPO cloning reaction. A 

0.5 h incubation of cells on ice was followed by a 30 s heat-shock at 42°C, addition of 

250 µL super optimal broth with catabolite repression (SOC) medium (Invitrogen, 

USA) and an hour-long incubation of transformed cells at 37°C in a shaker at 

200 rpm. Next, 20 µL and 200 µL aliquots of transformed cells were spread-plated on 

Luria-Bertani (LB) agar plates supplemented with 100 µg mL-1 spectinomycin and 
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incubated overnight at 37°C, after which six single colonies were passaged on new 

spectinomycin LB agar plates and again incubated overnight at 37°C.  

The overnight liquid cultures of selected colonies were established by inoculation of 

each colony in 5 mL of LB broth supplemented with 100 µg mL-1 spectinomycin, and 

the cultures were incubated overnight in a shaker at 37°C and 225 rpm. Vector 

containing AtPNP-A insert was subsequently isolated from 4.5 mL of each overnight 

liquid culture and purified using QIAprep Spin Miniprep kit according to the 

manufacturer's instruction (Qiagen, Germany). Concentration of the purified 

recombinant plasmid DNA was quantified using a Nanodrop ND 1000 

spectrophotometer (Thermo Fisher Scientific, USA), and the presence of the insert 

was confirmed by PCR with gene-specific primers as described in section 2.2.2.3. The 

correctness of insertion and lack of mutations was confirmed by sequencing of the 

vectors containing the insert of correct size using a pair of vector-specific primers 

(M13 For primer: 5'-TGTAAAACGACGGCCAGT-3', and M13 Rev primer: 

5'-CAGGAAACAGCTATGAG-3'). The positive clones were stored at -20°C until 

further use. 

2.2.3.2. Recombination cloning into the pDEST17 destination vector 

Entry clone containing insert of the proper sequence was used for LR recombination 

reaction in the amount of 150 ng per reaction. Cloning into the pDEST17 destination 

vector (Invitrogen, USA) (Figure 2.2 B) was performed overnight, according to the 

manufacturer's instruction.  
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A)        

                    

B)       

 

Figure 2.2. Features of the pDEST17 destination vector. A) Physical map of the plasmid. 
B) Sequence map of the vector showing the cloning site (from Invitrogen manual; March 
2011, MAN0000278).  

Transformation of 50 µL of Library Efficiency DH5α competent cells (Invitrogen, 

USA) with 1 µL of LR reaction and the steps leading to plasmid purification using 

QIAprep Spin Miniprep kit (Qiagen, Germany) according to the manufacturer's 

instruction were performed as described in section 2.2.3.1 with the LB media 

supplemented with 50 µg mL-1 ampicillin instead of spectionomycin, due to the 

presence of ampicillin resistance gene carried by the pDEST17 vector (Figure 2.2 A). 

Concentration of the purified recombinant plasmid DNA was quantified using a 

Nanodrop ND 1000 spectrophotometer (Thermo Fisher Scientific, USA), and the 

presence of the insert was confirmed by PCR with gene-specific primers as described 

in section 2.2.2.3. The correctness of the insertion and lack of mutations was 
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confirmed by sequencing of the purified vectors containing insert of the proper size 

with the use of pDEST17 vector-specific primers - the T7 For primer: 

5'-TAATACGACTCACTATAGGG-3', and the T7-Terminal Rev primer: 

5'-GCTAGTTATTGCTCAGCGGG-3'. The positive clones were stored at -20°C until 

further use. 

2.2.4. Expression and purification of AtPNP-A recombinant protein 

2.2.4.1. Transformation of E. coli BL21-AI One Shot cells with pDEST17-AtPNP-A 

construct 

Expression host of choice, E. coli BL21-AI One Shot (Invitrogen, USA) chemically 

competent cells, were transformed with 10 ng of pDEST17-AtPNP-A construct as 

described in section 2.2.3.1, with 50 µg mL-1 carbenicillin used for selection of 

positive transformants. Subsequently, 0.2 µg of six positive colonies were subjected 

to colony PCR as a template in gene-specific primer verification of the insert, using 

cycling conditions and procedure described in section 3.2.2.3. The colonies carrying 

the insert were used for inoculation of 5 mL of LB broth, supplemented with 

50 µg mL-1 carbenicillin and were grown overnight at 37°C and 200 rpm, after which 

glycerol stocks were prepared and long-term stored at -80°C.  

2.2.4.2. Heterologous expression of the AtPNP-A recombinant protein 

A 0.5 mL aliquot of enriched overnight cultures of BL21-AI One Shot cells, carrying 

pDEST17-AtPNP-A construct, were used to inoculate 10 mL aliquots of LB medium 

containing 50 µg mL-1 carbenicillin and were incubated at 37°C with shaking at 

200 rpm until the optical density (OD) at λ = 600 nm reached approximately 0.4 

(mid-log phase). Then, each culture was split into two sub-cultures, one of which was 



 65 
subjected to induction, while the second sub-culture was not induced. The first set of 

sub-cultures was induced by addition of L-arabinose to a final concentration of 0.2% 

(w/v), and all sub-cultures were allowed to grow for further 4 h at 37°C with shaking 

at 200 rpm. Aliquots of 0.5 mL collected at different time-points (0, 1, 2, 3, 4 h)  

post-induction were removed from each sub-culture and were subjected to analysis on 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) in 

Laemmli's system (Laemmli, 1970). After expression, cells were harvested by 

centrifugation at 8 000 × g for 30 min at 4°C and the pellets were stored at -20°C until 

further use.  

2.2.4.3. Purification of the recombinant AtPNP-A 

A cleared lysate of BL21-AI One Shot cells expressing the recombinant AtPNP-A 

was prepared under denaturing conditions by suspending the harvested cells in a lysis 

buffer (6 M guanidinium chloride, 100 mM NaH2PO4/Na2HPO4, 10 mM Tris-HCl, 

Complete Mini proteases inhibitors (Roche, Switzerland); pH 8.0) at a ratio of 1 g 

pellet weight to 10 mL buffer volume. After 1 h incubation with slow tilt rotation 

mixing at room temperature and subsequent centrifugation of the lysate at 18 000 × g 

for 15 min, the supernatant was collected and a 0.2 mL aliquot was saved for analysis 

by SDS-PAGE on a 15% (v/v) polyacrylamide gel. The cleared lysate was then 

subjected to binding onto Ni-NTA beads (Qiagen, Germany) previously equilibrated 

for 30 min with 10 column volumes (CV) of the lysis buffer; approximately 2 mL of 

beads equilibrated with 20 mL of lysis buffer were transferred to 50 mL of cleared 

lysate and the content was mixed on a rotator (Artisan, USA) at 5 rpm for 1 h at room 

temperature. The content was subsequently transferred to a 10-mL gravity-flow 

column (GE Healthcare, USA) and the purification was conducted at room 

temperature according to the QIAExpressionist denaturing protocol (Qiagen, 
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Germany). After collecting the flow-through, the column with bound proteins was 

extensively washed four times, each time with 10 CV of washing buffer (8 M urea, 

100 mM NaH2PO4/Na2HPO4, 10 mM Tris-HCl; pH 6.3), to ensure sufficient washing 

of unbound bacterial proteins off. The bound recombinant protein was eluted in nine 

steps that included elution with 1 CV of elution buffer A (8 M urea, 100 mM 

NaH2PO4/Na2HPO4, 10 mM Tris-HCl; pH 5.9) 3 times, subsequent elution with 1 CV 

of elution buffer B (8 M urea, 100 mM NaH2PO4/Na2HPO4, 10 mM Tris-HCl; pH 

4.5) another 3 times, and elution with 1 CV of elution buffer C (8 M urea, 100 mM 

NaH2PO4/Na2HPO4, 10 mM Tris-HCl; pH 4.0) 3 more times. In addition, 20 µL 

aliquots of flow-through, fractions of washing and elution, and bound beads after 

elution steps were collected and analysed by SDS-PAGE followed by staining with 

Coomassie Brilliant Blue (Bio-Rad, USA) and subsequent de-staining according to 

the manufacturer's instruction, to monitor the progress of the protein purification 

process. Identity of the protein was verified by MS analysis as described in section 

2.2.7.4 which followed in-gel tryptic digestion of the protein visualised in SDS-PAGE 

gel at the molecular weight (MW) corresponding to the expected MW of the 

recombinant AtPNP-A, performed as described in section 2.2.7.3. 

The fractions of elution containing recombinant protein were pulled together, 

concentrated and desalted by spinning 5 times, 0.5 h each, at 8 000 × g in Amicon 

Ultra centrifugal filter units with a MW cut-off point of 3.0 kDa (Millipore, USA). 

Subsequently, the desalted protein was 40-fold diluted in filtered and degassed 

equilibration buffer (8 M urea, 20 mM NaH2PO4/Na2HPO4, 0.5 M NaCl, 0.5 mM 

phenylmethanesulfonyl fluoride (PMSF); pH 8.0) and subjected to refolding through a 

controlled linear gradient system using Fast Protein Liquid Chromatography (FPLC) 

in Åkta System (GE Healthcare, USA). The protein was slowly (flow rate of 
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0.2 ml min-1) loaded on 1 mL HisTrap high performance (HP) column (GE 

Healthcare, USA) previously equilibrated with 20 CV of the equilibration buffer. 

Slow (flow rate of 0.5 ml min-1) refolding process was conducted with initial 100% 

(v/v) concentration of filtered and degassed refolding buffer A (8 M urea, 20 mM 

NaH2PO4/Na2HPO4, 0.5 M NaCl, 4 mM reduced glutathione, 0.04 mM oxidized 

glutathione, 0.5 mM PMSF; pH 8.0) decreased to 0% (v/v) through linear gradient 

dilution with filtered and degassed refolding buffer B (20 mM NaH2PO4/Na2HPO4, 

0.5 M NaCl, 4 mM reduced glutathione, 0.04 mM oxidized glutathione, 0.5 mM 

PMSF; pH 8.0) of 100% (v/v) targeted concentration at the end of the refolding 

process. 

The 50 min-long refolding process was followed by linear gradient elution of refolded 

recombinant AtPNP-A protein with 25 CV of filtered and degassed elution buffer 

(20 mM NaH2PO4/Na2HPO4, 0.5 M NaCl, 0.5 M imidazole, 0.5 mM PMSF; pH 8.0) 

at the flow rate of 1 ml min-1, during which 0.5 mL fractions of eluted proteins were 

collected. The process of refolding and elution of the recombinant AtPNP-A protein 

conducted in FPLC system was performed below the column pressure limit of 

0.5 MPa, and its progress was monitored on a chromatogram by measurement of the 

UV absorption at λ = 280 nm. The fractions of elution containing refolded 

recombinant protein were pulled together, concentrated and desalted by spinning five 

times, 0.5 h each, at 8 000 × g in Amicon Ultra centrifugal filter units with a MW 

cut-off point of 3.0 kDa (Millipore, USA). Concentration of purified refolded 

recombinant AtPNP-A protein was determined using Bradford method (Bradford, 

1976). A 20 µL aliquot of the final recombinant product was also analysed by 

SDS-PAGE to verify the purity of the preparation. Biological activity of purified 
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recombinant AtPNP-A was assessed by measuring net water influx into MCPs 

isolated from A. thaliana leaves. 

2.2.4.4. Protein activity verification by measurement of the net water influx into 

MCPs 

Activity of the purified and refolded recombinant AtPNP-A protein was verified by 

measuring the extent of the net water influx into mesophyll protoplasts isolated from 

A. thaliana leaves according to (Yoo, Cho, & Sheen, 2007). Briefly, the middle part 

of well-expanded leaves from 4-week-old plants was cut into 0.5-1 mm strips with a 

sharp razor. In a single experiment, strips from 20 leaves were digested in 10 mL of 

freshly prepared enzyme solution (20 mM MES, pH 5.7, 0.4 M mannitol, 20 mM 

KCl, 1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10, 10 mM CaCl2, 0.1% 

(w/v) bovine serum albumin (BSA)) previously filtered through 0.45 µm syringe filter 

(Millipore, USA). After 30 min vacuum-infiltration of the enzyme/tissue solution in 

the dark using a desiccator, the digestion was continued for 4 h in the dark at room 

temperature without mixing and was followed by dilution of the enzyme/protoplast 

solution with 10 mL of W5 solution (2 mM MES, pH 5.7, 154 mM NaCl, 5 mM KCl, 

125 mM CaCl2). Undigested leaf tissue was removed by filtrating the enzyme solution 

containing protoplasts through 70 µm nylon mesh (Fisher Scientific, Canada) wetted 

with W5 solution. The flow-through was centrifuged at 200 × g to pellet the 

protoplasts in a 16-ml round-bottomed tube for 2 min, after which the supernatant was 

discarded. The protoplasts were suspended twice in 2 mL of 0.4 M mannitol, which 

correct osmolality was previously verified with Micro-Osmette osmometer (Precision 

systems Inc., USA), and centrifuged at 200 × g to make sure no residual W5 solution 

remained. The MCPs present in the pellet were kept on ice and the yield of 
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preparation was estimated by counting number of living cells under the microscope 

using Reichert hemocytometer (Hausser Scientific, USA). 

Subsequently, the protoplasts suspended in 0.4 M mannitol were treated with freshly 

prepared recombinant AtPNP-A at the final concentration of 1 µg mL-1, or with equal 

volume of water (used as a negative control). After 20 min incubation at room 

temperature, the protoplasts were visualized under a bright-light Nikon Eclipse E100 

microscope (Nikon, Japan) and randomly selected round-shaped protoplasts (50 per 

each treatment) with diameter of at least 20 µm were photographed. Measurement of 

protoplasts diameters was followed by quantification of their volumes, assuming a 

spherical shape of the isolated protoplasts. Differences in size changes of the 

protoplasts treated with either AtPNP-A or water (negative control) were analysed by 

a one-way analysis of variance (ANOVA) followed by the Tukey-Kramer 

multiple-comparison post-test (p-value < 0.05). Each experiment was repeated at least 

three times, each time with three biological replicates per each treatment. 

2.2.5. Y2H screening 

An amount of 5 µg of the pCR8/GW-TOPO TA-AtPNP-A template, containing cDNA 

fragment (76-393 bp) encoding the exported portion of AtPNP-A protein prepared as 

described in section 2.2.3.1, was provided to Dualsystems Biotech AG (Switzerland) 

that carried out the Y2H screen using the AtPNP-A as a bait. The bait construct for 

the screen was made by sub-cloning a cDNA encoding 26-130 aa of AtPNP-A into 

the pLexA-DIR vector (Dualsystems Biotech AG, Zurich, Switzerland). The bait 

construct was checked for correct LexA-bait fusions by 5'- and 3'-end sequencing and 

the correct bait construct was transformed into the NMY32 yeast reporter strain using 

standard procedures (Gietz & Woods, 2001). Expression of the bait was verified by 
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western blotting of cell extracts using a mouse monoclonal antibody directed against 

the LexA domain (Dualsystems Biotech, Switzerland). The absence of self-activation 

was verified by co-transformation of the bait together with a control prey and 

selection on minimal medium lacking the amino acids Trp, Leu and His (selective 

medium).  

For the Y2H screen, the bait was co-transformed together with a P02403 normalized 

A. thaliana universal cDNA library into NMY32. In total, 3.1 × 106 transformants 

were screened, and the positive transformants were subsequently tested for 

β-galactosidase activity using a pellet X-Gal β-galactosidase (PXG) assay 

(Dualsystems Biotech, Switzerland). Library plasmids were isolated from the positive 

clones that showed β-galactosidase activity (true positive clones). The identity of 

positive interactants was determined by sequencing. DNA sequences were then 

translated in all three reading frames and searched against the SwissProt database 

using the BLASTX algorithm (Altschul, Gish, Miller, Myers, & Lipman, 1990). 

2.2.6. Source of the biotinylated peptides containing active site of AtPNP-A 

Peptides containing active region of AtPNP-A (aa 33-66), with the disulphide bond 

preserved, were synthesized by GenScript (New Jersey, USA) at the purity level 

> 85%. The amino acid sequences of the peptides were as follows:  

- Peptide 1 (with N-terminal biotin tag): 

27-AVYYDPPYTRSACYGTQRETLVVGVKNNLWQNGRACGRRY-66, 

- Peptide 2 (with C-terminal biotin tag): 

33-PYTRSACYGTQRETLVVGVKNNLWQNGRACGRRYRVRL-69, 

- Peptide 3 (with no tag): 

33-PYTRSACYGTQRETLVVGVKNNLWQNGRACGRRY-66. 
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Biological activity of the synthetic peptides (final concentration of 100 nM) with 

respect to the activity of the recombinant AtPNP-A (final concentration of 1 µg mL-1) 

was assessed by measurement of the net water influx into MCPs as described in 

section 3.2.3.4 with few modifications. Two negative controls were prepared: 

protoplasts suspended in 0.4 M mannitol treated with water (control 1) and protoplasts 

suspended in 0.4 M mannitol treated with biotin at final concentration of 100 nM 

(control 2) to exclude the influence that the biotin tag present at either of the termini 

of the synthetic peptides might have on net water influx into the protoplasts. 

2.2.7. Identification of AtPNP-A interactants by AC followed by MS analysis 

2.2.7.1. Protein extraction from A. thaliana tissues 

Proteins were extracted from SCC or from stem or leaf tissue of five week-old A. 

thaliana (Col-0) plants. Approximately 0.8 g of plant material was flash frozen using 

liquid nitrogen and ground with mortar and pestle. Then, 1.6 mL of extraction buffer 

(50 mM HEPES, 150 mM NaCl, 10% (v/v) glycerol, 1% (v/v) 

NP-40, 0.5% (w/v) sodium deoxycholate, 1 mM DTT, 1 mM PMSF, 0.1% (v/v) 

Triton X-100, 0.1% (v/v) Tween 20, Complete Mini protease inhibitor cocktail, pH 

7.6 (Roche, Switzerland), Protease inhibitor cocktail for plant cell and tissue extracts 

(Sigma)) was added and the tissue was ground further. After 30 min centrifugation at 

14 000 x g at 4°C, the supernatant was used for AC experiments. 

2.2.7.2. AC with biotinylated AtPNP-A peptides 

All stages of the experiment were performed at 4°C, except when specified otherwise. 

In each experiment, three samples of approximately 1.6 mL of supernatant obtained 

from protein extraction were incubated with slow tilt rotation mixing for 30 min with 
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200 pmol biologically-active N-terminally biotinylated AtPNP-A peptide (Peptide 1) 

or the same amount of biotin (negative control 1), or with no ligand (negative control 

2). Next, 100 µL of streptavidin-coupled Dynabeads M-280 (Invitrogen, USA) were 

washed 3 times with extraction buffer, each time in the ratio of 1 mL of the buffer to 

100 µL of beads, with a 3 min incubation on the DynaMag 2 magnet (Invitrogen, 

USA) enabling effective separation of the beads from the buffer. The beads were 

subsequently transferred to each of the samples and incubated with slow tilt rotation 

mixing for 15 min. This was followed by a sequence of steps that ensured effective 

washing of proteins bound non-specifically to the peptide immobilized on the beads 

off, according to (Qi et al., 2011) with a few modifications. Briefly, proteins not 

bound to the beads-immobilized peptide were collected in flow-through, and the 

proteins bound non-specifically were washed off in 3 washing steps performed with 

1 mL of buffer 1 (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) 

NP-40, 0.1% (v/v) Triton X-100, 0.1% (v/v) Tween 20, 0.5% (w/v) sodium 

deoxycholate, 1 mM PMSF), and 3 washing steps performed with 1 mL of buffer 2 

(50 mM Tris-Cl, pH 7.4, 50 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 0.1% (v/v) 

Triton X-100, 0.1% (v/v) Tween 20, 0.5% (w/v) sodium deoxycholate, 1 mM PMSF) 

each time.  

After the last washing step, the beads with bound proteins were transferred to fresh 

eppendorf tubes and subsequent elution was performed at room temperature. Proteins 

bound to the beads were eluted four times under native conditions with 50 µL of each 

of the following solutions: 1 µM AtPNP-A peptide, 100 µM AtPNP-A peptide, 10 µM 

biotin, and 1 mM biotin. Then, denaturing elution of bound proteins was performed 

by boiling of the beads in 50 µL of 1 x SDS sample buffer (62.5 mM Tris-HCl, 2% 

(w/v) SDS, 10% (v/v) glycerol, 1% (v/v) 2-mercaptoethanol, 0.01% (w/v) 
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bromophenol blue, pH 6.8) for 10 min at 80°C. Aliquots of each fraction of elution, as 

well as beads after denaturing elution, were collected and SDS-PAGE analysis was 

performed until the samples reached the separating gel. Then, the gels were stained 

with Coomassie Brilliant Blue (Bio-Rad, USA) and de-stained according to the 

manufacturer's instruction. Each experiment was repeated at least three times. 

2.2.7.3. Sample preparation for MS analysis 

Protein bands of SDS-PAGE gel were excised, cut into pieces and transferred into 

sterile eppendorf tubes. After rehydration with water, the gel pieces were incubated in 

25 mM NH4HCO3 in 50% (v/v) acetonitrile (ACN) solution for 30 min at room 

temperature to ensure complete de-staining. The pieces were dehydrated twice in 

ACN and dried in a centrifugal evaporator. Reduction of Cys residues was performed 

by 45 min incubation with 10 mM DTT in 100 mM NH4HCO3 at 56°C, and complete 

alkylation of Cys residues was ensured by 30 min incubation in 50 mM 

iodoacetamide (IOA) solution at room temperature in the dark. After three steps of 

extensive washing with 100 mM NH4HCO3 followed by dehydration with ACN, gel 

pieces were dried and subjected to trypsin digestion. Bovine sequencing-grade 

modified trypsin (Promega, USA) was diluted in 50 mM NH4HCO3 and an amount of 

200 – 250 ng of the enzyme was added to the samples. After 30 min incubation of the 

samples on ice, the gel pieces were additionally covered with 50 mM NH4HCO3 and 

incubated overnight at 37°C. Tryptic peptides were extracted once with 20 mM 

NH4HCO3 and twice with 5% (v/v) formic acid (FA) in 50% (v/v) ACN. Then, the 

peptides were dried and re-suspended in 10 µL of 0.1% (v/v) FA in 5% (v/v) ACN 

and subjected to MS analysis. 
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2.2.7.4. MS analyses 

MS analyses were performed in Biosciences Core Laboratory (King Abdullah 

University of Science and Technology, Saudi Arabia). Peptides re-suspended in 0.1% 

(v/v) FA and 5% (v/v) ACN were identified by Linear Trap Quadrupole (LTQ) 

Orbitrap mass spectrometer (Thermo Scientific, USA) coupled with a 

nanoelectrospray ion source (nano-ESI) (Proxeon Biosystems, Denmark) for 

nano-LC-MS/MS analyses. A volume of 5 µL of the peptide mixtures was injected 

onto a 0.3 x 50 mm Magic C18 (octadecylsilane) AQ (Michrom, USA) pre-column 

and 0.1 x 150 mm Magic C18 AQ (Michrom, USA) column, and the bound peptides 

were eluted from the column at a flow rate of 500 nL min-1 under conditions given in 

Table 2.1.  

Table 2.1. Conditions of the gradient used for peptide elution from the chromatographic 
column in the analyses performed using LTQ Orbitrap mass spectrometer.  

 

Time [min] 
 

Duration [min] 
 

B [%] 

0 NA 0 

20 20 40 

25 5 90 

45 15 90 
   

 

Mobile phases used in tryptic peptide elution from Magic C18AQ column: A – 0.1% (v/v) 
FA in 5% (v/v) ACN, B – 0.1% (v/v) FA in 90% (v/v) ACN. 
 

A spray voltage of 1500 V was applied, and the MS scan range (mass to charge; m/z) 

was 350.00 to 1600.00. The top 10 precursor ions were selected in the MS scan by 

Orbitrap, with a resolution of 60.000 at m/z of 400, for fragmentation in the linear ion 

trap using collision-induced dissociation (CID). The normalized CID was set at 35.0, 

and a specific ion was sequenced twice at most and was excluded from the list for 

45 s, with repeat duration of 30 s and exclusion list size of 500. The minimum signal 

threshold counts was 2000, and the +1 charge state was rejected. 
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Spectra were subsequently submitted to a local Mascot (Matrix Science, UK) server 

(Perkins, Pappin, Creasy, & Cottrell, 1999) and searched against the TAIR (release 

10) database (taxonomy: Arabidopsis), with a precursor mass tolerance of 10 ppm, a 

fragment ion mass tolerance of 0.3 Da, and strict trypsin specificity allowing up to 

one missed cleavage, carbamidomethyl modification on Cys residues as fixed 

modification and Met oxidation as variable modification. Both +2- and +3-charged 

peptides were analysed in monoisotopic mode. Proteins were considered positively 

identified in the Mascot score was over the 95% confidence limit. Initial peptide mass 

tolerance was set to 10.0 ppm and fragment mass tolerance was set to 0.50 Da. 

Spectra were further processed with the Scaffold 3 Q+ software using the 

Trans-Proteomic Pipeline (TPP) algorithm with a confidence threshold of 99% 

(AC/MS and Co-IP/MS experiments) or 98% (in vivo cross-linking experiments) with 

minimum two peptides identified.  

2.2.8. Identification of AtPNP-A interactants by Co-IP followed by MS analysis 

2.2.8.1. Purification of polyclonal anti-ANP antibody 

Whole antiserum rabbit polyclonal antibody directed against rat ANP (Abcam, USA) 

was purified using Dynabeads M-280 sheep anti-rabbit immunoglobulin G (IgG) 

beads (Invitrogen, USA) according to the manufacturer's instructions in the ratio of 

50 µL of the antiserum per 100 µL of the anti-rabbit IgG beads, with overnight slow 

tilt rotation mixing of antiserum with the beads at 4°C. All washing steps were 

performed with 0.5 mL of phosphate buffered saline (PBS) buffer, pH 7.4, and 

two-step elution of the immobilized anti-ANP antibody was done with 50 µL of 0.1 M 

citrate (pH 3). After pooling the fractions of elution, pH of the anti-ANP antibody was 
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brought to neutral pH and the antibody was stored at 4°C until used in Co-IP 

experiments. 

2.2.8.2. Co-IP with purified polyclonal anti-ANP antibody 

Non-stressed 4-week-old A. thaliana (Col-0) plants were used for 

immunoprecipitation of AtPNP-A complexes according to (Skottke, Yoon, Kieber, & 

DeLong, 2011) with minor modifications. Harvested leaves (0.4 g per sample) were 

ground in liquid nitrogen and thawed in three volumes of Co-IP buffer (50 mM 

Tris-HCl, pH 7.5, 100 mM NaCl, 0.3 M sucrose, 0.2% (v/v) Triton X-100, Protease 

inhibitor cocktail for plant cell and tissue extracts (Sigma-Aldrich, USA)). Extracts 

were centrifuged for 30 min at 14 000 × g at 4°C to pellet debris. In a single 

experiment, three precipitations were performed and each of them contained 100 µL 

of Dynabeads Protein G beads (Invitrogen, USA), pre-equilibrated by washing thrice 

with the extraction buffer (1 mL each time). A 10 µL volume of previously purified 

rabbit anti-rANP antibody (diluted 10-fold in the extraction buffer) was incubated 

with slow tilt rotation mixing 100 µL of the beads for 2 h at room temperature. In 

addition, two negative controls per each experiment were prepared and in each of 

them 100 µL of pre-equilibrated Dynabeads Protein G beads were incubated with 

either rabbit anti-GFP antibody, 1:100 dilution (negative control 1) or with no 

antibody (negative control 2). Separation of the beads with immobilized antibodies 

was done by a 3-min incubation on the DynaMag 2 magnet (Invitrogen, USA). Then, 

1 mL of PBS containing 1% (w/v) BSA was added to the samples to block 

nonspecific antibody binding sites. After 1h incubation at room temperature with slow 

rotation, the beads were washed three times with 1 mL of extraction buffer and the 

supernatant containing freshly extracted proteins was added. After 1 h incubation with 

slow tilt rotation mixing at 4°C, the flow-through was collected and non-specifically 
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bound proteins were washed off in four-step washing with the extraction buffer (1 mL 

each time). After transferring the beads to new eppendorf tubes, native and denaturing 

elution was performed as described in section 2.2.7.2, with the exception of using 

only the peptide containing the active site of AtPNP-A at the final concentrations of 1, 

50, 200 and 500 µM, without the usage of biotin. Collected 50 µL fractions of elution 

were resolved by SDS-PAGE. After sample preparation performed as described in 

section 2.2.7.3, MS analysis was performed as described in section 2.2.7.4. Each 

experiment was repeated at least three times. 

2.2.9. Identification of AtPNP-A interactants by in vivo cross-linking 

In vivo cross-linking experiments were performed on A. thaliana (Col-0) MCPs 

prepared as described in section 2.2.4.4. Each experiment involved preparation of 

three samples of approximately 25 x 106 protoplasts each and was repeated at least 

three times. Two homobifunctional cross-linking reagents, disuccinimidyl suberate 

(DSS) and 3,3’-dithiobis[sulfoccinimidylpropionate] (DTSSP) (both from Thermo 

Scientific, USA) were used according to the manufacturer's instructions. In each 

experiment three parallel reactions performed per each cross-linker contained 

protoplasts suspended in 0.5 mL of 20 mM HEPES, pH 7.5, with: 2.5 nmol 

C-terminally biotinylated AtPNP-A peptide (Peptide 2) with the cross-linker, or 

2.5 nmol C-terminally biotinylated AtPNP-A peptide (Peptide 2) without the 

cross-linker (negative control 1), or 2.5 nmol biotin with the cross-linker (negative 

control 2). The cross-linking reagents were used at the final concentration of 

0.25 mM, which corresponds to approximately 50-fold molar excess of the 

cross-linking reagents compared with the amount of C-terminally biotinylated peptide 

(or biotin) used. The reactions were incubated in ice for 1 h (DTSSP) or 2 h (DSS), 



 78 
after which time the cross-linking was terminated with Tris-HCl buffer, pH 7.5, at the 

final concentration of 20 mM. Separation of the cross-linked proteins was based on 

the affinity of biotin tag present in the synthetic peptide to the streptavidin-coupled 

beads, as described in section 2.2.7.2, with few modifications. After addition of 

0.5 mL extraction buffer, the samples were disrupted by vortexing five times, 30 s 

each, and incubated for 1 h with 200 µL pre-washed streptavidin-coupled Dynabeads 

M-280 beads (Invitrogen, USA). The subsequent washing and elution steps were 

performed with 2-fold greater volumes of solutions than given in section 2.2.7.2. 

After SDS-PAGE analyses the samples were prepared for MS analysis as described in 

section 2.2.7.3, and MS analyses were performed as described in section 2.2.7.4. 
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2.3. RESULTS 

2.3.1. Preparation of biologically active AtPNP-A recombinant protein 

The fragment of AtPNP-A (At2g18660) gene encoding the portion of AtPNP-A 

protein secreted into the extracellular space (aa 26-130) has been isolated from 

genetic material of A. thaliana (Col-0) seedlings (Figure 2.3 A). Due to the presence 

of an intron in the fragment of AtPNP-A coding for 105 aa-long exported portion of 

the AtPNP-A protein, the fragment of AtPNP-A gene was amplified by PCR using 

cDNA isolated from seedlings of A. thaliana as a template and a pair of gene-specific 

primers designed for this purpose. The 318 bp fragment of AtPNP-A gene was 

subsequently used as a template for two-stage cloning based on Gateway Technology. 

Firstly, the gene was cloned into the pCR8/GW-TOPO TA entry plasmid and the 

recombinant entry vector was used for transformation of One Shot Top10 cells. 

Positive transformants were verified by PCR using the pair of gene-specific primers 

(Figure 2.3 B) followed by sequencing of the isolated recombinant plasmids using a 

pair of vector-specific primers. Secondly, the clone containing the correct sequence, 

inserted in the right orientation into the pCR8/GW-TOPO TA backbone, was cloned 

into the pDEST17 destination vector. The recombinant destination vector was used 

for transformation of Library Efficiency DH5α E. coli cells. Positive transformants 

were verified by PCR using the pair of gene-specific primers (Figure 2.3 C) followed 

by sequencing of the isolated recombinant plasmids using a pair of vector-specific 

primers. The pDEST17 recombinant vector containing the correct sequence of 

AtPNP-A insert was subsequently transformed into arabinose-inducible BL21-AI E. 

coli cells that have tightly regulated arabinose-inducible araBAD promoter upstream 

of the T7 RNA polymerase gene (Hall & Brown, 2002) and provide both tight 
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regulation and high yields of even toxic proteins. The positive transformants were 

confirmed by PCR using the pair of gene-specific primers (Figure 2.3 D). 

A) B) C) D) 
 

   

 

     

 

 

     

 

    

 

     

Figure 2.3. Isolation of AtPNP-A gene and verification of the presence of the correct 
insert in Gateway vectors. A) cDNA was extracted from A. thaliana seedlings and used as a 
template to specifically amplify the 318 bp-long fragment of AtPNP-A gene. B) The positive 
OneShot Top10 E. coli transformants harbouring recombinant pCR8/GW-TOPO TA entry 
plasmid that carries the desired fragment of AtPNP-A were verified by PCR with the 
gene-specific primers. C) The positive Library Efficiency DHα E. coli transformants, which 
harbour the pDEST17–AtPNP-A construct, were verified by PCR with gene-specific primers. 
D) Positive transformants of BL21-AI E. coli cells harbouring the pDEST17–AtPNP-A 
construct were verified by PCR with gene-specific primers. L – O’Gene Ruler DNA Ladder 
Mix (Thermo Fisher Scientific, USA). The PCR products are marked with arrows.  

The 132 aa-long recombinant AtPNP-A protein synthesized using a prokaryotic 

expression system contained the 105 aa-long exported portion of AtPNP-A, which 

does not include the N-terminal signal peptide responsible for directing the protein to 

the extracellular space. Instead, the recombinant AtPNP-A protein contained at its 

N-terminus a hexahistidine (His6) tag (Figure 2.4). Inclusion of the His-tag in the aa 

sequence of the expressed recombinant AtPNP-A protein enabled subsequent 

purification of the recombinant protein with immobilized metal affinity 

chromatography (IMAC) technique utilising the affinity of the imidazole side chains 

of the His-tag to the nitrilotriacetic acid-immobilized nickel (Ni-NTA) chelate 

characterised by high protein binding capacity (40 mg/ml medium) (Jeon et al., 2005). 
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MW and isoelectric point (pI) of the N-terminally His-tagged AtPNP-A protein, 

computed on ExPASy Bioinformatic Resource Portal 

(http://web.expasy.org/compute_pi/), was estimated to be 15.027 kDa and 9.23, 

respectively. Production of the recombinant AtPNP-A protein over-expressed in 

BL21-AI E. coli cells was induced with 0.2% (w/v) L-arabinose (Figure 2.4 A). The 

recombinant AtPNP-A protein, partially expressed in a form of inclusion bodies, was 

effectively solubilized in the presence of guanidinium chloride, which may have 

compromised the tertiary structure of the recombinant protein, hence exposing the 

His-tag and enabling strong binding of the unfolded protein to the Ni-NTA matrix 

(Figure 2.4 B). 

A)  B)  

 

     

 

  
Figure 2.4. Expression and purification of the AtPNP-A recombinant protein. A) 
SDS-PAGE analysis of protein expressed by uninduced (U) and induced (I) BL-21-AI E. coli 
cells harbouring the pDEST–AtPNP-A construct. B) Recombinant AtPNP-A after purification 
on Ni-NTA agarose. E – protein eluted under denaturing conditions; the band corresponding 
to the recombinant AtPNP-A protein is indicated with an arrow. M – PageRuler Prestained 
Protein Ladder (Thermo Fisher Scientific, USA).  

Excision of the band visualised in SDS-PAGE, upon protein purification on Ni-NTA 

agarose under denaturing conditions, that corresponded to the MW of the recombinant 

AtPNP-A (Figure 2.4 B), and subsequent in-gel tryptic digestion of protein(s) present 

in the band, was followed by the MS verification of identity of the over-expressed 

protein. Six tryptic peptides identified by MS with the confidence of at least 95% 

assured that the over-expressed protein is AtPNP-A (Figure 2.5).  
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MSYYHHHHHHLESTSLYKKAGSEFALMAQGKAVYYDPPYTRSACYGTQRETLVVGVK
NNLWQNGRACGRRYRVRCIGATYNFDRACTGRTVDVKVVDFCREPCNGDLNLSRDAF
RVIANTDAGNIRVVYTPI 

Figure 2.5. The complete aa sequence of the recombinant AtPNP-A protein. Aas given in 
black indicate the location of the six His residues forming the His-tag at the N-terminus of the 
protein, while the exported portion of AtPNP-A consists of residues shown in green with two 
Cys residues forming the disulphide bond given in red. The tryptic peptides detected in MS 
analysis with at least 95% confidence are underlined.  

In order to ensure full biological activity of the denatured recombinant AtPNP-A, the 

protein was subjected to a 50 min refolding process using an FPLC-coupled linear 

gradient refolding system. Binding of the protein to a 1 mL HP HisTrap column 

linked to the FPLC system enabled immobilization of the recombinant protein, and 

subsequent slow (flow rate of 0.5 mL min-1) linear exchange of 8 M urea buffer, in 

which denatured AtPNP-A was suspended, to non-denaturing (0 M urea) buffer 

enabled the recombinant AtPNP-A protein to regain its biological activity. Moreover, 

subsequent elution of the refolded recombinant protein with buffer containing 

500 mM imidazole increased the purity of the protein (Figure 2.6 A).  

Biological activity of the refolded AtPNP-A protein, as well as biotinylated synthetic 

peptides containing the active site of AtPNP-A protein with the disulphide bond 

(Figure 2.6 B), designed for the pull-down experiments, were tested for biological 

activity in the assays aimed at measurement of net water influx into MCPs. 

For each sample used in the protoplast net water influx assays, approximately 0.9 x 

106 MCPs were isolated from 20 leaves. Addition of the refolded recombinant 

AtPNP-A at the final concentration of 1 µg mL-1 to the isotonic solution containing 

isolated protoplasts significantly increased the protoplasts diameter (Figure 2.7 A) and 

led to statistically significant (p-value < 0.05; one-way ANOVA followed by 

Tukey-Kramer post-hoc test) increase of protoplast volume compared to the volume 

of protoplasts treated with water (negative control) (Figure 2.7 B). This result 



 83 
demonstrated that the refolded recombinant AtPNP-A had regained its biological 

activity (Maryani et al., 2001; Morse et al., 2004; Wang et al., 2007). 

A)  B)  

 

 

 
 

 

Figure 2.6. SDS-PAGE analysis of the refolded recombinant AtPNP-A and a schematic 
representation of synthetic peptides containing the active site of AtPNP-A that were 
used in AC/MS and in vivo cross-linking experiments. A) SDS-PAGE band corresponding 
to the purified recombinant AtPNP-A after refolding process. B) The aa sequence of the 
active site of the AtPNP-A protein (schematically represented below the peptides) that 
contains the disulphide bond, which is characteristic to NP-like molecules.  

The difference between the increase of the protoplast volume caused by the treatment 

with 1 µg mL-1 (≈ 85 nM) AtPNP-A and by the treatment with 100 nM N-terminally 

biotinylated peptide containing the active region of AtPNP-A (Peptide 1; Figure 2.6 

B) was not statistically significant, while the effect of 100 nM C-terminally 

biotinylated peptide containing active region of AtPNP-A (Peptide 2; Figure 2.6 B) 

was the most pronounced and statistically (p-value < 0.05; one-way ANOVA 

followed by Tukey-Kramer post-hoc test) greater than the treatment with the 

N-terminally biotinylated peptide (Peptide 1) or recombinant AtPNP-A protein 

(Figure 2.7 B). Moreover, the effect of biotin tag, present in the synthetic peptides, on 

the net water influx into the protoplasts was excluded by performing analogous 

treatment of the protoplasts with biotin (at the final concentration of 100 nM) as a 

second negative control. The treatment did not lead to a statistically significant 

increase of protoplasts diameter when compared to the first negative control (Figure 

2.7 B) hence the effect of the biotin tag on the net water influx can be ruled out. 
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A)  B)  

 
   

 

 

 
Figure 2.7. Effect of the recombinant AtPNP-A protein and synthetic peptides 
containing the active site of the AtPNP-A protein on the protoplast volume. A) Images of 
A. thaliana MCPs suspended in 0.4 M mannitol and treated with water (negative control) or 
with 1 µg mL-1 or refolded recombinant AtPNP-A protein for 20 min at room temperature. 
B) Mean protoplast volume measured 20 min after treatment with water (control), 100 nM 
biotin, 100 nM Peptide 1, 100 nM Peptide 2, or refolded recombinant AtPNP-A (1 µg mL-1). 
Data are mean ± SEM of at least three independent experiments. In each treatment, 50 
randomly selected protoplasts with diameter > 20 µm were photographed and subjected to 
analysis. The bars with a different superscript are significantly different (p-value < 0.05; 
one-way ANOVA followed by Tukey-Kramer multiple comparison test).  

The extent of protoplast swelling induced by both synthetic peptides indicated that the 

biological activity of biotinylated peptides was comparable to the activity of the 

refolded recombinant AtPNP-A protein. Therefore, the biologically active 

N-terminally biotinylated peptide (Peptide 1) was subsequently used in experiments 

aimed to identify putative interactants of AtPNP-A protein with AC/MS, whereas the 

biologically active C-terminally biotinylated peptide (Peptide 2) was used in in vivo 

cross-linking experiments. 

2.3.2. Identification of putative interactants of AtPNP-A 

Four complementary methods were used to identify proteins that putatively interact 

with AtPNP-A: (1) AC of proteins extracted from stem, leaf, and SCC of A. thaliana 

that bind in vitro to immobilized biologically-active peptide containing the active 

region of AtPNP-A protein, followed by MS analysis (AC/MS), (2) Co-IP of A. 

thaliana leaf proteins interacting with AtPNP-A immobilized with anti-rANP 

antibody, followed by MS analysis (Co-IP/MS), (3) in vivo cross-linking of the 
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biologically-active peptide containing the active region of AtPNP-A with proteins 

present in MCPs of A. thaliana, followed by AC/MS, and (4) in vivo Y2H screening 

of direct interactants of AtPNP-A expressed in yeasts (Figure 2.8). 

 

Figure 2.8. Techniques used to identify candidate interactants of the AtPNP-A protein. 

The first method used to identify putative interactants of AtPNP-A protein was 

AC/MS (Figure 2.9). In these in vitro experiments proteins extracted from SCC, stem 

or leaf tissue were incubated with the appropriate amount of biotinylated peptide that 

has been estimated to be efficiently immobilized by a fixed amount of 

streptavidin-coupled magnetic beads.  

For each Arabidopsis tissue subjected to AC/MS assay, three independent 

experiments were performed. Four-step native elution of proteins bound to the 

biotinylated peptide immobilized on streptavidin-coupled beads was based on 

displacement of either the peptide or biotin moiety from the beads due to the 

competition of highly-abundant molecules of peptide or biotin present in native 

elution buffers to less abundant molecules immobilized on the beads, while 

subsequent step of denaturing elution was aimed to elute all proteins bound to the 

beads. Proteins present in native and denaturing fractions of elution were analysed by 

SDS-PAGE, and peptides obtained by in-gel tryptic digestion were identified by MS 

analyses with highly sensitive LTQ Orbitrap spectrometer.  
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Figure 2.9. The principle of the AC-based isolation of proteins interacting with 
AtPNP-A. Proteins extracted from either stem, leaf or SCC were incubated with the 
biologically active N-terminally biotinylated peptide containing the aa sequence of the active 
region of AtPNP-A (Peptide 1; indicated in red). After addition of the magnetic 
streptavidin-coupled Dynabeads M-280 beads (brown), the peptide with bound protein(s) was 
efficiently immobilized on the beads due to the strong interaction between streptavidin and 
the biotin tag (shown in green). Magnetic separation of the beads with bound complexes of 
the peptide and its interactants was followed by steps of extensive washing of 
non-specifically bound proteins and elution of the putative interactants.  

In order to reduce the number of false positives and to increase the stringency, two 

sets of negative controls were used. In the first negative control neither the peptide 

nor biotin was included, while the second negative control contained biotin, but not 

the peptide. The former was aimed to identify proteins that bind to the beads, while 

the latter enabled identification of proteins that specifically bind to the biotin tag, 

rather than the peptide itself. 

Examples of SDS-PAGE images depicting bands corresponding to proteins present at 

different stages of the AC experiments in the 'positive' sample (i.e. in which protein 

extract was incubated with the biologically active N-terminally biotinylated peptide), 

and proteins present in negative controls, are presented in Figure 2.10.  
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Figure 2.10. SDS-PAGE fractions from a single AC experiments performed on proteins 
extracted from stem tissue. A) AC fractions of sample containing M280 beads with protein 
extract and biotinylated peptide (‘positive’ sample). B) AC fractions of sample containing 
M280 beads with protein extract without the peptide or biotin (negative control 1). C) AC 
fractions of sample containing M280 beads with protein extract with biotin but without the 
peptide (negative control 2). M – PageRuler Prestained Protein Ladder (Thermo Fisher 
Scientific, USA). (M – marker, L – lysate, Ft – flow-through, W1-6 – fractions of washing, 
NE1-4 – fractions of native elution, DE – fraction of denaturing elution).  

Incubation of the peptide with the protein extract, followed by immobilization of the 

complexes on the beads and their subsequent elution (Figure 2.10 A) resulted in 

significantly greater number of proteins than in case of the negative controls (Figure 

2.10 B-C). 

Only proteins identified by MS in at least two out of three independent experiments 

performed on proteins extracted from each of the tissues investigated have been 

subjected to scoring based on the ratio of spectral count (RSC), i.e. the ratio of the 

sum of spectral counts for a unique protein in a positive sample (i.e. containing 

biotinylated peptide), corresponding to fractions of either native or denaturing elution, 

to the sum of spectral counts for the protein in both negative controls, corresponding 

to fractions of either native or denaturing elution. Proteins identified in samples 

containing biotinylated peptide, and in same cases in negative controls, were 

considered specific interactants of AtPNP-A if their RSCs values were ≥ 2. This 

threshold was established empirically by identification of several interactants found in 

Y2H screen among the candidate interactants identified by AC/MS; all proteins 

identified by both Y2H and AC/MS showed RSCs values ≥ 2 and were considered 

highly-confident interactants of AtPNP-A. 
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To further limit the number of proteins considered candidate interactants of AtPNP-A, 

only proteins identified with ≥ 99% confidence in fractions of native or denaturing 

elution in at least two out of three AC/MS experiments were taken into account. This 

corresponds to the total of 111, 100, and 91 proteins extracted from stem, leaf, and 

SCC, respectively, that have been identified as putative interactants of AtPNP-A 

(Figure 2.11).  

 
Figure 2.11. Overlap of proteins identified in fractions of native and denaturing elution 
in AC/MS experiments using proteins extracted from leaf, stem or SCC. From three 
independent experiments performed on stem, leaf, and SCC, there were a total of 111, 100, 
and 91 proteins identified with RSC ≥ 2 in two or more analyses, whereas 92, 60, and 67 
proteins were present in all three analyses performed using proteins extracted from stem, leaf, 
or SCC, respectively.  

In fractions of native elution from AC/MS experiments performed on proteins 

extracted from stem tissue, 46 proteins identified in at least two experiments showed 

RSC ≥ 2 and were considered candidate interactants of AtPNP-A (Supplementary 

Table 1), and 10 most highly-scored proteins were ranked in descending order in 

Table 2.2.  

Moreover, in fractions of denaturing elution from AC/MS experiments performed on 

proteins extracted from stem tissue, 87 proteins identified in at least two experiments 

were considered candidate interactants (Supplementary Table 2), while 10 most 

highly scored proteins were ranked in descending order in Table 2.3. 
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Table 2.2. Stem tissue proteins proposed to interact with AtPNP-A based on their 
identification in fractions of native elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 AAC; ADP/ATP carrier 1 At3g08580.1 72 

2 VHA-A; vacuolar ATP synthase subunit A At1g78900.1 33 

3 ATP synthase alpha/beta family protein At5g08670.1 30 

4 ATPase, F1 complex, alpha subunit protein At2g07698.1 28 

5 PSAG; photosystem I subunit G At1g55670.1 27 

6 PORB; protochlorophylide oxidoreductase B At4g27440.1 23 

7 GAPB; glyceraldehyde-3-phosphate dehydrogenase B 
subunit 

At1g42970.1 21 

8 Mov34/MPN/PAD-1 family protein At5g23540.1 17 

9 LHCB4.3; light harvesting complex photosystem II At2g40100.1 14 

10 LHCB2.2; photosystem II light harvesting complex 
gene 2.2 

At2g05070.1 13 

    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 

 

Table 2.3. Stem tissue proteins proposed to interact with AtPNP-A based on their 
identification in fractions of denaturing elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 PORB; protochlorophylide oxidoreductase B At4g27440.1 76 

2 CaS; calcium sensing receptor At5g23060.1 75 

3 AHA1, PMA, OST2, HA 1, H+-ATPase 1/open stomata At2g18960.1 73 

4 ATC4H, C4H, CYP73A5, REF3;  
cinnamate-4-hydroxylase 

At2g30490.1 54 

5 PTAC16; plastid transcriptionally active 16 At3g46780.1 50 

6 ATTIC110, TIC110; translocon at the inner envelope 
membrane of chloroplast 110 

At1g06950.1 48 

7 HAP6; ribophorin II (RPN2) family protein At4g21150.1 45 

8 UDP-glucose 6-dehydrogenase family protein At3g29360.1 45 

9 CSII; cellulase synthase-interactive protein 1 At2g22125.1 42 

10 ATMS2, MS2; methionine synthase 2 At2g22125.1 39 
    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 
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In fractions of native elution from AC/MS experiments performed on proteins 

extracted from leaf tissue, 46 proteins identified in at least two experiments showed 

RSC ≥ 2 and were considered candidate interactants (Supplementary Table 3), and 10 

most highly scored proteins were ranked in descending order in Table 2.4. 

In fractions of denaturing elution from AC/MS experiments on proteins from leaf 

tissue, 81 proteins identified in at least two experiments showed RSC ≥ 2 and were 

considered candidate interactants (Supplementary Table 4), and 10 most  

highly-scored proteins present in the dataset, were ranked in descending order and are 

presented in Table 2.5. 

Table 2.4. Leaf tissue proteins proposed to interact with AtPNP-A based on their 
identification in fractions of native elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 VAR2, FTSH2; FtsH extracellular protease family At2g30950.1 92 

2 MDH; maleate dehydrogenase At3g47520.1 61 

3 VHA-A; vacuolar ATP synthase subunit A At1g78900.1 59 

4 VAR1, FTSH5; FtsH extracellular protease family At5g42270.1 52 

5 ATPase, V1 complex, subunit B protein At1g20260.1 48 

6 ATPD; ATP synthase delta-subunit gene At4g09650.1 44 

7 ATCIMS; cobalamin-independent synthase family 
protein 

At5g17920.1 43 

8 PETC, PGR1; photosynthetic electron transfer C At4g03280.1 40 

9 Rieske (2Fe-2S) domain-containing protein At1g71500.1 33 

10 PSAN; photosystem I reaction centre subunit PSI-N, 
putative 

At5g64040.1 32 

    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 
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Table 2.5. Leaf tissue proteins proposed to interact with AtPNP-A based on their 
identification in fractions of denaturing elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 ATTIC110, TIC110; translocon at the inner envelope 
membrane of chloroplasts 110 

At1g06950.1 46 

2 SAMS3; S-adenosylmethionine synthetase family protein At3g17390.1 35 

3 RPT2a; regulatory particle AAA-ATPase 2A At4g29040.1 33 

4 FTSH8; FTSH protease 8 At1g06430.1 33 

5 PTAC17; plastid transcriptionally active 17 At1g80480.1 32 

6 FDH; formate dehydrogenase At5g14780.1 32 

7 CSP41A; chloroplast stem-loop binding protein of 41 
kDa 

At3g63140.1 28 

8 ATAMY3, AMY3; alpha-amylase-like 3 At1g69830.1 28 

9 RPT3; regulatory particle AAA-ATPase 3 At5g58290.1 27 

10 CLPP4, NCLPP4; CLP protease P4 At5g45390.1 27 
    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 

 

Interestingly, two LRR proteins extracted from leaf tissue have been identified as 

candidate interactants of AtPNP-A. Due to a potential importance of the membrane 

proteins comprising LRR family in mediating AtPNP-A signal, these two proteins, 

encoded by At1g33612.1 and At3g20820.1, are of particular interest. 

Root-derived SCC offer an alternative to green plant tissues that are abundant in 

photosynthesis-related proteins, many of which have a relatively high probability of 

being false positives rather than true interaction partners (Miernyk & Thelen, 2008) 

and account for common contaminants in pull-down assays. Since expression and 

biological action of AtPNP-A protein has been previously shown in SCC (Rafudeen 

et al., 2003), these cells were used in AC/MS experiment, in addition to stem and leaf 

tissue.  

In fractions of native elution from AC/MS experiments performed on proteins 

extracted from SCC, 18 proteins identified in at least two experiments showed 
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RSC ≥ 2 and were considered putative interactants (Supplementary Table 5), and 10 

most highly-scored proteins, were ranked in descending order and are presented in 

Table 2.6.  

Table 2.6. SCC proteins proposed to interact with AtPNP-A based on their identification 
in fractions of native elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 Atnud3, NUDT3; nudix hydrolase homolog 3 At1g79690.1 149 

2 SDH1-1; succinate dehydrogenase 1-1 At5g66760.1 53 

3 ATPase, F1 complex, alpha subunit protein At2g07698.1 48 

4 NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 45 

5 ATPHB2, PHB2; prohibitin 2 At1g03860.1 38 

6 SUS1, ASUS1; sucrose synthase 1 At5g20830.1 33 

7 SUS4, ASUS4; sucrose synthase 4 At3g43190.1 27 

8 Mov34/MPN/PAD-1 family protein At5g23540.1 22 

9 VHA-A; vacuolar ATP synthase subunit A At1g78900.1 21 

10 VDAC2, ATVDAC2; voltage dependent anion channel 
2 

At5g67500.1 12 

    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 

 

In fractions of denaturing elution from AC/MS experiments performed on proteins 

extracted from SCC, 91 proteins identified in at least two experiments showed 

RSC ≥ 2 and were considered putative interactants (Supplementary Table 6), while 10 

most highly scored proteins were ranked in descending order in Table 2.7. 

The proteins present in the final set of AtPNP-A interactants identified either in 

fractions of native or denaturing elution with confidence ≥ 99% and RSC ≥ 2 in at 

least two out of three independent AC/MS experiments, disregarding structural 

proteins, are enlisted in Supplementary Tables 7-10. Out of these 215 proteins, 11 

were detected in experiments based on proteins extracted from each of the three 

tissues investigated (Figure 2.12). 
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Table 2.7. SCC proteins proposed to interact with AtPNP-A based on their identification 
in fractions of denaturing elution in AC/MS experiments.  

    

Score Protein name AGI RSC 
    

1 Atnudt3, NUDT3; nudix hydrolase homolog 3 At1g79690.1 135 

2 LOX1, ATLOX1; lipoxygenase 1 At1g55020.1 67 

3 BCS1; cytochrome BC1 synthesis At3g50930.1 37 

4 RPT5A, ATS6A.2; regulatory particle triple-A ATPase 
5A 

At3g05530.1 30 

5 HAP6; ribophorin II (RPN2) family protein At4g21150.1 29 

6 BIG, DOC1, TIR3, UMB1; auxin transport protein 
(BIG) 

At3g02260.1 29 

7 ATC4H, C4H, CYP73A5, REF3;  
cinnamate-4-hydroxylase 

At2g30490.1 28.3 

8 Thioredoxin superfamily protein At3g11630.1 28 

9 SAMS3; S-adenosylmethionine synthetase family 
protein 

At3g17390.1 26 

10 ATARFA1F, ARFA1F; ADP-ribosylation factor A1F At1g10630.1 25 
    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 

 

 
Figure 2.12. Venn diagram representing number of proteins identified in fractions of 
native and denaturing elution in AC/MS experiments using proteins extracted from 
stem, leaf or SCC. In total, 215 proteins identified in AC/MS experiments were considered 
putative interactants of AtPNP-A (RSC ≥ 2; identification at the confidence level ≥ 99% in at 
least two independent AC/MS experiments performed on proteins extracted from the same 
tissue; see Supplementary Tables 7-10).  

Interestingly, the 215 proteins identified in AC/MS experiments (Figure 2.12) showed 

high enrichment (adjusted p-value < 0.05) in gene ontology (GO) terms (Al-Shahrour, 

Díaz-Uriarte, & Dopazo, 2004) related to the category of biological process (BP), for 

which evidence exist that AtPNP-A may be involved in (Supplementary Table 11 A). 
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These include: photosynthesis (GO:0015979), response to stress (GO:0006950), 

response to abiotic stimulus (GO:0009628), response to temperature stimulus 

(GO:0009266), nucleoside phosphate metabolic process (GO:0006753), hydrogen 

transport (GO:0006818), oxidative phosphorylation (GO:0006119), proton transport 

(GO:0015992) and photosynthetic electron transport (GO:0009767) (Figure 2.13).  

Moreover, three Kyoto Encyclopedia of Genes and Genomes (KEGG; 

http://www.genome.jp/kegg/) annotations have also been significantly enriched 

(adjusted p-value < 0.05); these are: photosynthesis (ath00196), Met metabolism 

(ath00271), and proteasome (ath03050) (Supplementary Table 11 D). 

 
Figure 2.13. GO terms of BP category that were significantly enriched in the subset of 
proteins identified by AC/MS as interactants of AtPNP-A. The analysis (adjusted 
p-value < 0.05) was performed according to the GO Analysis Toolkit and Database for 
agricultural community (AgriGO; http://bioinfo.cau.edu.cn/agriGO/analysis.php; (Du, Zhou, 
Ling, Zhang, & Su, 2010)). The input list consisted of all non-structural proteins identified as 
putative interactants of AtPNP-A in AC/MS experiments conducted on proteins extracted 
from stem, leaf or SCC. The reference background used consisted of the whole proteome of 
A. thaliana.  
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The second in vitro approach aimed at identifying interactants of AtPNP-A was their 

Co-IP with AtPNP-A present in the pool of proteins extracted from A. thaliana leaves 

and then immobilized with anti-rANP antibody, followed by MS analysis 

(Co-IP/MS). The schematic representation of the steps involved in Co-IP analysis is 

given in Figure 2.14. In each of three independent experiments conducted, three 

precipitations were performed. These included rabbit anti-rANP-based 

immunoprecipitation of AtPNP-A complexes ('positive' sample) and two negative 

controls: the first one contained rabbit anti-GFP antibody, instead of rabbit anti-rANP 

antibody, while the second control did not contain any antibody. The former control 

was used to identify proteins that bind to rabbit-derived antibodies, instead of binding 

to the AtPNP-A immobilized on the rabbit-derived rANP antibody, while the latter 

helped to differentiate the proteins that bind to the Dynabeads Protein G beads from 

the proteins that specifically bind to AtPNP-A immobilized on the beads.  

Four-step native elution of co-immunoprecipitated proteins was based on 

displacement of bound AtPNP-A with the peptide containing the active region of 

AtPNP-A (Peptide 3), while a subsequent step of denaturing elution released all 

proteins bound to the beads. Proteins contained in native and denaturing fractions of 

elution were analysed by SDS-PAGE, and peptides obtained by in-gel tryptic 

digestion were identified by MS analyses with LTQ Orbitrap spectrometer. Proteins 

identified by MS in at least two out of three independent experiments performed have 

been subjected to scoring based on the RSC, as described for the AC/MS experiments 

above. Proteins identified in samples containing the anti-rANP antibody, identified in 

at least two independent Co-IP experiments, were considered candidate interactants of 

AtPNP-A if their RSCs values were ≥ 2. To further limit the number of proteins 
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considered candidate interactants, only proteins identified with ≥ 99% confidence in 

fractions of native or denaturing elution in at least two experiments were considered.  

 

Figure 2.14. The principle of the Co-IP-based isolation of proteins interacting with 
AtPNP-A. Leaf protein extract, containing AtPNP-A protein (indicated in red), was incubated 
with purified anti-rANP antibody immobilized on protein G (green)-coupled magnetic beads 
(shown in brown). Magnetic separation of the beads, with AtPNP-A protein and its 
interactants bound, was followed by steps of extensive washing and subsequent elution of the 
proteins bound to the beads.  

From the total of 59 unique proteins extracted from leaf tissue that have been 

identified as candidate interactants of AtPNP-A based on Co-IP experiments, 18 have 

been detected with the confidence ≥ 99% in fractions of native elution in at least two 

independent experiments, with RSC ≥ 2 (Supplementary Table 12). The 10 most 

highly scored proteins were ranked in descending order in Table 2.8.  

In fractions of denaturing elution, 41 proteins detected with the confidence ≥ 99% in 

at least two independent experiments showed RSC ≥ 2 and were considered candidate 

interactants (Supplementary Table 13), and 10 most highly scored proteins were 

ranked in descending order in Table 2.9. 
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Table 2.8. Leaf tissue proteins proposed to interact with AtPNP-A based on their 
identification in fractions of native elution in Co-IP/MS experiments. 

    

Score Protein name AGI RSC 
    

1 NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 426 

2 PSAF; photosystem I subunit F At1g31330.1 48 

3 Thioredoxin superfamily protein At3g11630.1 45 

4 ATPase, V1 complex, subunit B protein At1g20260.1 17 

5 Unknown protein At5g28500.1 11 

6 LOX2, ATLOX2; lipoxygenase 2 At3g45140.1 8.3 

7 PORB; protochlorophyllide oxidoreductase B At4g27440.1 8 

8 TPP2; tripeptydyl peptidase II At4g20850.1 5 

9 GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A 
subunit 2 

At1g12900.1 4 

10 RBCL; ribulose-bisphosphate carboxylases Atcg00490.1 2.7 
    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 

 

Table 2.9. Leaf tissue proposed to interact with AtPNP-A based on their identification in 
fractions of denaturing elution in Co-IP/MS experiments.  

    

Score Protein name AGI RSC 
    

1 Transketolase At3g60750.1 70 

2 CA1, ATBCA1, ATSABP3; carbonic anhydrase 1 At3g01500.1 62 

3 Aldolase-type TIM barrel family protein At3g14420.1 52 

4 NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 47 

5 APS1; ATP sulfurylase 1 At3g22890.1 27 

6 LTA2, PLE2; 2-oxoacid dehydrogenases acyltransferase 
family protein 

At3g25860.1 24 

7 UGP, AtUGP1; UDP-glucose pyrophosphorylase 1 At3g03250.1 21 

8 PORB; protochlorophyllide oxidoreductase B At4g27440.1 20 

9 Thioredoxin superfamily protein At3g11630.1 18 

10 ATCIMS, ATMETS, ATMS1; cobalamin-independent 
synthase family protein 

At5g17920.1 17 

    

    

Top ten candidate AtPNP-A interactants identified with a confidence level of at least 99%. 
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The 59 proteins identified in Co-IP/MS experiments showed high enrichment 

(adjusted p-value < 0.05) in GO terms related to the BP that have been linked to the 

AtPNP-A functions (Supplementary Table 14 A-C). These include: response to stress 

(GO:0006950), response to abiotic stimulus (GO:0009628), response to temperature 

stimulus (GO:0009266), carbon utilization by fixation of carbon dioxide 

(GO:0015977), response to cold (GO:0009409), and carbon utilization (GO:0015976) 

(Figure 2.15). 

 

Figure 2.15. GO terms of BP category that were significantly enriched in the subset of 
proteins identified by Co-IP/MS as interactants of AtPNP-A. The analysis (adjusted 
p-value < 0.05) was performed according to the GO Analysis Toolkit and Database for 
agricultural community (AgriGO; http://bioinfo.cau.edu.cn/agriGO/analysis.php; (Du et al., 
2010)). The input list consisted of all non-structural proteins identified as candidate 
interactants of AtPNP-A in Co-IP/MS experiments. The reference used consisted of the whole 
proteome of A. thaliana.  

The third method used to identify putative interactants of AtPNP-A was in vivo 

cross-linking (Figure 2.16) performed on MCPs isolated from A. thaliana leaves. Two 

cross-linking reagents, containing an amine-reactive N-hydroxysulfosuccinimide 

(sulfo-NHS) ester at each end of a short 11.4 Å (8 carbon atoms-long) spacer arm, 
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were used. These were: a membrane permeable DSS, and its membrane impermeable 

analogue DTSSP (Mattson et al., 1993).  

Application of the homo-bifunctional reagents containing reactive ends to specific 

functional groups, such as primary amines enabling formation of the peptide bond 

between the bait molecule and its putative interactant, favoured the usage of the 

C-terminally biotinylated AtPNP-A peptide (Peptide 2) with free N-terminal amine. 

This was of particular relevance due to the presence of a limited number of primary 

amines in the sequence of the peptide (with only one residue of lysine (Lys) located in 

the activity region). Moreover, the biotin tag present in the peptide enabled efficient 

AC separation of proteins cross-linked to the peptide after the reaction is completed, 

prior to the identification of the cross-linked proteins by MS.  

Each experiment employing either of the cross-linking reagents was performed three 

times and required preparation of three samples, each of which included 

approximately 8.3 x 106 protoplasts and: the biotinylated AtPNP-A peptide with the 

cross-linker ('positive' sample), the peptide without the cross-linker (negative control 

1), or biotin with the cross-linker (negative control 2). Termination of the in vivo 

reaction was followed by separation of proteins bound to the peptide based on the 

affinity of biotin tag present at the C-terminus of the peptide to the 

streptavidin-coupled beads. SDS-PAGE analysis of the native and denaturing 

fractions of elution was followed by tryptic in-gel digestion of the proteins and 

subsequent MS detection of the extracted peptides.  

Only proteins identified by MS in at least two out of three independent experiments 

performed have been subjected to scoring based on the RSC, as in the case of AC/MS 

and Co-IP experiments described above. Proteins identified in samples containing 

biotinylated peptide with either DTSSP or DSS were considered specific interactants 
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of AtPNP-A if their RSCs were not less than 2. To further limit the number of 

proteins considered putative interactants, only proteins identified with at least 98% 

confidence in fractions of native or denaturing elution in at least two out of three 

experiments were considered further.  

                     
Figure 2.16. The principle of in vivo cross-linking followed by AC-based separation of 
proteins interacting with AtPNP-A. Formation of the cross-link between the ‘bait’ peptide 
(red) with biotin tag (indicated in green) and the in vivo interacting partner (yellow) was 
possible after addition of the cross-linking agent (shown in blue). Subsequent protein 
extraction was followed by AC-based magnetic separation of cross-linked interacting partners 
enabled by the presence of an interaction between the streptavidin-coupled beads and the 
biotin tag on the peptide. Cross-linking followed by AC/MS prevented from the loss of 
transient and/or weakly binding interaction partners.  

Among 11 unique proteins identified as putative interactants of AtPNP-A in the 

membrane-impermeable DTSSP-based cross-linking experiments (Table 2.10), two 

proteins, namely glyceraldehyde-3-phosphate dehydrogenase of plastid 2 (GAPC-2) 

and catalase 2 (Cat2), were not detected using the in vitro methods described 
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previously. Out of 7 proteins considered putative interactants of AtPNP-A based on 

results of their cross-linking performed with membrane-permeable DSS, only one 

protein (ATP synthase alpha/beta family protein) was previously identified by 

AC/MS approach (Table 2.2).  

Table 2.10. MCP proteins proposed to interact with AtPNP-A based on their 
identification in fractions of elution in in vivo cross-linking followed by AC/MS 
experiments.  

     

Cross-
linker 

Score Protein name AGI RSC 

     

DTSSP 1 Rieske (2Fe-2S) domain-containing protein At1g71500.1 13 

DTSSP 2 PSBB; photosystem II reaction center protein B Atcg00680.1 10 

DTSSP 3 BOU; mitochondrial substrate carrier family protein At5g46800.1 5.5 

DTSSP 4 PTAC8, TM14, PSI-P; photosystem I P subunit At2g46820.1 4 

DTSSP 5 PETC, PGR1; photosynthetic electron transfer C At4g03280.1 3.7 

DTSSP 6 AAC1; ADP/ATP carrier 1 At3g08580.1 3.3 

DTSSP 7 GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 3 

DTSSP 8 GAPCP-2; glyceraldehyde-3-phosphate 
dehydrogenase of plastid 2 

At1g16300.1 2.7 

DTSSP 9 Cat2; catalase 2 At4g35090.1 2.1 

DTSSP 10 CA1, ATBCA1, SABP3; carbonic anhydrase 1 At3g01500.1 2 

DTSSP 11 ATPB, PB; ATP synthase subunit beta Atcg00480.1 2 
     

     

DSS 1 RNA binding Plectin/S10 domain-containing protein At5g52650.1 16 

DSS 2 EMB1080; nucleic acid-binding, OB-fold-like 
protein 

At3g48930.1 13 

DSS 3 PSAL; photosystem I subunit I At4g12800.1 8 

DSS 4 Translation protein SH3-like protein At1g09590.1 5.4 

DSS 5 Translation protein SH3-like protein At3g49910.1 4.3 

DSS 6 NPQ4, PSBS; chlorophyll A-B binding family 
protein 

At1g44575.1 4 

DSS 7 ATP synthase alpha/beta family protein At5g08670.1 2.2 
     

     

Candidate AtPNP-A interactants identified with a confidence level of at least 98%. 
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Nevertheless, it is highly probable that the modification of primary amine groups 

present in the peptide (especially if that occurred at the Lys residue located in the 

activity region of AtPNP-A) could have introduced a steric hindrance preventing the 

binding between the peptide and interactants.  

Summarising, the three methods used led to identification of 251 unique proteins 

considered putative interactants of AtPNP-A. Two of them were detected in all three 

approaches, while 29 were detected in both Co-IP/MS and AC/MS. In addition, 8 out 

of 18 proteins identified to bind to the peptide in vivo was detected exclusively in 

AC/MS and cross-linking approach (Figure 2.17).  

                                                   
Figure 2.17. Venn diagram representing overlap of proteins identified in fractions of 
native and denaturing elution in at least two independent AC/MS, Co-IP/MS, and  
cross-linking experiments followed by AC/MS, using proteins extracted from stem, leaf 
or SCC. In total, 215 proteins identified in AC/MS experiments performed on three tissues 
were considered putative interactants of AtPNP-A (RSC ≥ 2; see Supplementary Tables 
15-17).  

Athena promoter analysis (O’Connor, Dyreson, & Wyrick, 2005) 

(http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/home.pl) performed on 29 

proteins overlapping in datasets obtained from both Co-IP/MS and AC/MS analyses 

showed enrichment (p-value < 10-4) in GBF1/2/3 BS ADH1 with consensus sequence 

of CCACGTGG, of 5 promoters with active transcription factor (TF) sites 

(At1g61520, At1g67090, At3g44310, At2g39730, At5g38410) and 10 predicted TFs. 
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This G-box binding factor is known to be induced by hypoxia (de Vetten & Ferl, 

1995) and is an enriched promotor motif present in light-regulated and drought  

up-regulated genes (Huang, Wu, Abrams, & Cutler, 2008). 

The fourth technique used to identify putative interactants was in vivo Y2H screen 

performed in yeasts by Dualsystems Biotech AG (Switzerland), according to the 

workflow presented in Figure 2.18. Reporter genes employed in the DUALhybrid 

assay were HIS3 (an enzyme from the His pathway in yeasts which allows detection 

for growth on minimal medium lacking His), highly stringent ADE2 (an enzyme from 

the Ade synthesis pathway in yeast which allows selection for growth on minimal 

medium lacking Ade), and the lacZ gene encoding bacterial β-galactosidase. Each of 

the reporter genes was under the control of different Gal4-induced promoters (Gal2p, 

Gal1p, and Gal7p, respectively). The parallel usage of the triple yeast reporters 

enabled increasing the stringency of the screens, therefore reducing the number of 

false positives caused by non-specific interactions, and hence identifying preys that 

show highly specific interaction with the bait.  

 
Figure 2.18. Workflow of the Y2H screening. Figure modified after Dualsystems Biotech 
AG manual, Dualsystems Biotech AG, Switzerland.  
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The cDNA encoding exported portion of the AtPNP-A protein was sub-cloned into 

the pLexA-DIR vector harbouring a gene encoding the DNA-binding domain (DBD) 

responsible for directing the AtPNP-A-pLexA fusion (the bait) to the nucleus. After 

sequencing, the construct was subjected to the functional assay in DSY-5 expression 

strain, bearing bait plasmid and test plasmid, aimed to determine whether the bait 

enters the nucleus and binds to the LexA operators situated upstream of the reporter 

genes.  

The AtPNP-A-pLexA fusion has been detected in the nucleus. Moreover, due to the 

observable decrease of β-galactosidase expression on galactose medium (Figure 2.19) 

caused by the repression of transcription from the lacZ gene localised downstream to 

LexA operators, it has been shown to bind to the LexA operator sites. This signified 

that the bait does not autonomously activate transcription, hence can be screened in 

the DUALhybrid assay. 

   

Bait Glucose medium Galactose/raffinose medium 
   

AtPNP-A 
                 

Lamin C 
                 

p53 (positive control) 
                               

Negative control 
                               

   

Figure 2.19. Results of the functional assay aimed at detecting whether the bait localizes 
to the nucleus and activates transcription. A colorimetric reporter gene employed in the 
DUALhybrid assay is the lacZ gene encoding bacterial β-galactosidase, which action is 
responsible for blue colour of the yeast lysate, containing X-gal. Most LexA fusions, 
including AtPNP-A–pLexA fusion, that enter the nucleus and bind the operators but do not 
activate transcription, repress β-galactosidase activity (Brent & Ptashne, 1984) from 2- to  
20-fold. At least 2-fold repression indicates > 50% operator occupancy by the bait and 
signifies that the bait can be screened in the DUALhybrid assay (Dualsystems Biotech 
manual).  

Expression of the bait transformed subsequently into the NMY32 yeast reporter strain 

was confirmed by western blotting of cell extracts using a mouse monoclonal 
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antibody directed against the LexA domain. A pilot library transformation was 

subsequently performed to select optimal screening conditions. Since the HIS3 

reporter gene employed in the screen can be competitively inhibited by the histidine 

antimetabolite, 3-amino-1,2,4-triazole (3-AT), varying the levels of 3-AT in the 

selection medium allowed fine-tuning. Moreover, the ADE2 reporter gene, which is 

more stringent than the HIS3 reporter gene, provided an additional option for 

screening leaky baits. The determined synthetic defined (s. d.)-His-Leu-Trp screening 

medium contained 1 mM 3-AT. 

After verification of the absence of self-activation by co-transformation of the bait 

together with a control prey and selection on minimal medium lacking Trp, Leu, and 

His, the bait was co-transformed together with P02403 A. thaliana universal cDNA 

library into the NMY32 yeast reporter strain. The highly complex (5.6 x 106) 

normalized Arabidopsis library the bait was screened against was obtained from the 

mixture of messenger RNA (mRNA) isolated from eleven A. thaliana (Col-0) tissues.  

A total of 3.1 x 106 transformants were screened, and the positive transformants were 

subsequently tested for β-galactosidase activity using a pellet X-Gal (PXG) 

β-galactosidase assay (Mockli & Auerbach, 2004); 91 of the 96 initial positives 

showed β-galactosidase activity and were considered true positives. After isolation of 

library plasmids from the positive clones, sequencing was performed to identify the 

interactants. DNA sequences were translated in all three reading frames and searched 

against the SwissProt database using the BLASTX algorithm 

(http://www.ncbi.nlm.nih.gov/blast). In total, 25 interactants were identified (Figure 

2.20; Table 2.11).  

Interestingly, enrichment of interactions (p-value < 0.05; confidence score: 0.4) has 

been observed in the group of 25 proteins identified in Y2H screen and AtPNP-A 
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protein analysed with STRING 9.1 (http://string-db.org; (Franceschini et al., 2013)) 

(Figure 2.20). 

 
Figure 2.20. Evidence view of the interactions observed among proteins identified as 
AtPNP-A interactants in the Y2H screen. Evidence for association is indicated with 
colour-coded lines (co-expression-based interactions are shown in black, interactions 
deciphered from text-mining are given in green, while those found in databases are indicated 
in blue).  

Nearly one fourth of the proteins identified by Y2H as interactants of AtPNP-A 

overlap with the putative interactants found with the use of other approaches (Table 

2.11). Rubisco activase (RCA) and proton gradient regulator (PGR1; PET C) have 

been detected in three out of four methods used, while two method-based 

identification of both catalase 2 (Cat2) and unknown protein (At5g39570) as putative 

interactants of AtPNP-A (Table 2.12) made these four proteins highly-probable 

interactants of AtPNP-A. Although ferredoxin 2 (FED A; Fer) has been identified 

only with Y2H, this protein was also selected for further investigation of its binding to 

AtPNP-A due to its interesting biological function.  
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Table 2.11. Proteins predicted to interact with AtPNP-A based on the Y2H analysis.  

   

Protein name AGI Strength of 
binding in Y2H 

   

ERF7; ethylene response factor 7 At3g20310.1 strong 

ERP/AP2; ethylene response factor At5g07580.1 strong 

RAP2.12; ethylene response factor At1g53910.1 strong 

IGPD; imidazole glycerol-phosphate dehydratase At3g22425.1 strong 

SHA1; shoot apical meristem arrest 1 At5g63780.1 strong 

PLL4; poltergeist like 4 At2g28890.1 strong 

RCA; rubisco activase At2g39730.1 strong 

MAC5C; MOS4-associated complex subunit 5C At5g07060.1 strong 

HISN5B; histidine biosynthesis 5B At4g14910.1 moderate 

NUDX1; nudix hydrolase 1 At1g68760.1 moderate 

Protein containing PAM2 motif At4g14270.1 moderate 

NAD(P)-binding Rossmann-fold superfamily protein At1g07440.1 moderate 

ER; enhanced of rudimentary homologue, ATER At5g10810.1 weak 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 weak 

ADH2, HOT5; alcohol dehydrogenase 2 At5g43940.1 weak 

Cat2; catalase 2 At4g35090.1 weak 

CRF6; cytokinin response factor 6 At3g61630.1 weak 

Expr; expansin-like B1 At4g17030.1 weak 

FED A, PetF; ferredoxin 2 At1g60950.1 weak 

CLA; 1-deoxy-D-xylulose-5-phosphate synthase* At4g15560.1 weak 

Calcium-binding EF-hand family protein At2g41410.1 weak 

Basic-leucine zipper (bZIP) TF family protein At2g31370.1 weak 

SPL8; squamosal promoter binding protein-like 8 At1g02065.1 weak 

Unknown protein* At5g39570.1 weak 

COL1; constans-like 1 At5g15850.1 weak 
   

   

Names of proteins identified by AC/MS with a confidence level of at least 95% or 99% are 
indicated with an asterisk (*) or bolded, respectively. Names of proteins identified in  
Co-IP/MS experiments with at least 99% confidence are underlined, whereas names of 
proteins identified by in vivo cross-linking followed by AC/MS with a confidence level of at 
least 98% are given in italics. 

  

Although in the Y2H analysis calcium sensing receptor (CaS) has not been 

recognized as an interactant, the protein has been detected using in vivo cross-linking 
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as well as in AC/MS experiments performed on both stem and leaf tissue, making it 

an interesting putative interacting partner of AtPNP-A. Moreover, AC/MS 

experiments performed on proteins extracted from leaf tissue pointed at two LRR 

family proteins being candidate interactants of AtPNP-A. Due to our particular 

interest in identifying receptor(s) for the hormone, one of the LRR proteins was also 

included in the list of proteins which interactions with AtPNP-A should be analysed. 

These seven proteins (Table 2.12) were selected for further investigation of their 

interactions with AtPNP-A. 

Table 2.12. Proteins chosen for expression as recombinant proteins, purification and 
further investigation of their interactions with AtPNP-A. 

  

Protein name / AGI Methods of identification 
  

RCA; rubisco activase / At2g39730.1 - Y2H (strong binding) 
- AC/MS (stem and leaf tissue) 
- Co-IP/MS 

PGR1, PET C; proton gradient regulator 1 / At4g03280.1 - Y2H (weak binding) 
- AC/MS (stem and leaf tissue) 
- in vivo cross-linking (DTSSP) 

Cat2; catalase 2 / At4g35090.1 - Y2H (weak binding) 
- in vivo cross-linking (DTSSP) 

Unknown protein / At5g39570.1 - Y2H (weak binding) 
- AC/MS (stem tissue) 

CaS; calcium sensing receptor / At5g23060.1 - AC/MS (stem and leaf tissue) 
- in vivo cross-linking (DTSSP) 

Fer, FED A; ferredoxin 2 / At1g60950.1 - Y2H (weak binding) 

LRR family protein / At1g33612.1  - AC/MS (leaf tissue) 
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2.4. DISCUSSION 

Application of four complementary methods to investigate interacting partners of 

AtPNP-A among > 35 000 A. thaliana proteins (Tanz et al., 2012) allowed 

identification of a number of candidate proteins that may – directly (Table 2.11) 

and/or indirectly (Figure 2.17) – bind to the hormone. Due to the ubiquitous 

expression of AtPNP-A in Arabidopsis, the search for interacting partners was 

performed either among proteins expressed in leaf tissue (AC/MS, Co-IP, 

cross-linking), stem tissue (AC/MS), root-derived SCC (AC/MS), and in case of Y2H 

– on proteins expressed from a normalized universal library that contained the 

mixture of cDNA obtained from eleven A. thaliana tissues. The partial overlap of 

proteins extracted from different tissues and identified with high confidence as 

putative interactants of AtPNP-A decreases the chances that these candidate 

interactants are false-positives (i.e. unspecific binding partners of the hormone). 

Moreover, the overlap of proteins identified with high confidence as interactants of 

AtPNP-A using several techniques increases the probability of the interaction being 

physiologically relevant.  

In AC/MS and cross-linking experiments biotinylated peptides containing the active 

region of AtPNP-A (aa 33-66) (Figure 2.21) (Morse et al., 2004) that includes the 

disulphide bond, have been used. Biological activity of the peptides was verified by 

measuring their ability to induce net water uptake into MCPs. To ensure full 

biological activity, the extent of water uptake induced by the peptides was compared 

to the effect elicited by the previously expressed and purified recombinant AtPNP-A 

protein. Moreover, the impact of the biotin tag on both peptide activity and net water 

influx was negligent, which implied the peptides were biologically active and suitable 

for application in AC/MS and cross-linking experiments followed by AC/MS. Since 
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biotin-streptavidin (or biotin-avidin) interactions are the strongest non-covalent 

biological interactions known (Kd ≈ 1 fM) (Bayer & Wilchek, 1990), the AC-based 

approach allowed stringent conditions of washing to reduce non-specific binding and 

efficient recovery of biotinylated peptide with bound interacting partners. 

 

 

 

Figure 2.21. Domain organization of AtPNP-A with the active region indicated. Modified 
after (Gehring & Irving, 2003).  

Several advantages of the AC/MS approach makes it the method of choice in 

investigating PPIs, and these include both high sensitivity of the technique 

(interactions with a binding constant as weak as 10 µM can be detected) and the 

ability to detect even indirect interactants (Phizicky & Fields, 1995). In addition, due 

to the high amount of the test protein compared with the concentrations of interacting 

proteins in the cell, independent criteria must be used to establish whether or not the 

interaction is physiologically relevant. In contrast, Co-IP/MS approach, which also 

detects the direct and indirect interactions in the midst of all the competing proteins 

present in the cell lysate, allows for both the antigen and the interactants to be present 

in the samples at the same relative concentrations present in the cells. Hence, the 

artefacts caused by the deliberately high abundance of the test protein can be avoided. 

Preservation of the natural conditions makes Co-IP an attractive, though less sensitive 

than AC/MS, approach. 

Although powerful, both AC/MS and Co-IP/MS have several drawbacks: they are 

biased towards highly abundant proteins and prone to false positive identifications 

because they do not take into account temporal and local separations occurring in a 
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living system. Furthermore, some physiologically relevant complexes that are not 

present under the given conditions will not be identified, loosely associated 

components may be washed off during complex purification, and complex formation 

may be disrupted by the presence of a tag or an antibody, in case of AC and Co-IP, 

respectively (Mering et al., 2002). Since employing AC/MS and Co-IP/MS is 

relatively unlikely to identify proteins that interact with AtPNP-A weakly and/or 

transiently, cross-linking was applied to directly capture PPIs occurring in vivo 

through the formation of covalent bonds between two or more proteins by using 

bifunctional reagents containing reactive ends to specific functional groups, such as 

primary amine and sulfhydryl on protein molecules. Although in vivo cross-linking 

can ‘stabilize’ weak interactions that would otherwise not be detectable and can detect 

transient interactions, its major disadvantage, apart from complicating the 

downstream analysis, is detecting the nearest neighbours of the test protein, which 

may not be specific and in direct contact (Miernyk & Thelen, 2008). Moreover, 

difficulties in predicting the proximity of reactive groups of the test protein to putative 

interactants lead to the need of performing trial experiments with several cross-linking 

agents, while the conditions of the cross-linking reaction needs to be experimentally 

optimised for each of them. 

Another method of detecting interactions in an in vivo setting that avoids in vitro 

artefacts is Y2H and most PPIs reported in the scientific literature have been 

identified using this system (Brückner, Polge, Lentze, Auerbach, & Schlattner, 2009). 

Although this high-throughput technique exploiting the inherent properties of the 

GAL4 TF can detect transient and unstable interactions and provides constraints 

caused by the strength of the binding, the classical Y2H cannot detect cooperative 

binding as only two proteins are tested at a time. The Y2H screening is unrelated to 
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the physiological setting as determination of PPIs is taking place in the nucleus, 

which is not the native compartment of many proteins (Mering et al., 2002), while 

protein interactions dependent on post-translational modifications and/or involving 

membrane proteins are mostly undetectable by the classic Y2H (Brückner et al., 

2009). Moreover, the method generates a large number of false positives – it has been 

estimated that up to 50% of the identified interactions may be unreliable (Deane, 

Salwinski, Xenarios, & Eisenberg, 2002). 

Each method used to identify interactants of AtPNP-A has its limitations; therefore 

the application of several complementary and partially overlapping techniques in PPI 

studies is advantageous for obtaining meaningful and reliable results. Importantly,  

co-identification of the interacting partners using independent methods greatly 

increases confidence in the validity of the results in vivo and hence their physiological 

relevance. Application of the aforementioned techniques and high stringency of the 

search can enable the identification of highly probable interactants of AtPNP-A.  

Since the answer to the question of whether a putative interacting partner indeed 

interacts with the protein of interest can be given only after in vivo confirmation of the 

occurring interaction, five proteins identified with very high confidence as 

interactants of AtPNP-A, and two additional proteins identified as putative interacting 

partners with lower confidence, were selected (Table 2.12) and subjected to further 

investigation. The primary criterion for the selection was the number of times the 

protein has been identified with high confidence as a putative interactant of AtPNP-A 

with the use of four aforementioned techniques, while the biological role of the 

proteins was used as a secondary criterion.  

Two proteins that have been identified as interacting partners of AtPNP-A using three 

independent methods including Y2H, which implied they bind AtPNP-A directly, are 
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RCA and PGR1. The high confidence of the search that makes these proteins highly 

probable interactants of AtPNP-A is supported by the range of interesting biological 

processes the proteins are involved in, including “defense response”, “MAPK 

cascade”, and “photosynthesis”. In the light of the previous findings, revealing the 

involvement of AtPNP-A in regulation of the rate of photosynthesis (Gottig et al., 

2008) and enhancement of the dark respiration rate (Gottig et al., 2008; Ruzvidzo et 

al., 2011), it is conceivable that these plant responses may – at least partially – be 

directly mediated by AtPNP-A-dependent modulation of the activity of RCA and/or 

PET C.  

RCA is a chloroplast-localised protein discovered as a result of the isolation of 

Arabidopsis mutant that grew well only in elevated concentrations of CO2 while being 

unable to survive under ambient CO2 (Somerville, Portis, & Ogren, 1982). The 

enzyme is required for the light activation of the CO2 fixing enzyme, 

ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco), as its ATPase activity 

causes conformational changes in rubisco that promote the release of inhibitory sugar 

phosphates from the catalytic site of rubisco (Portis, Li, Wang, & Salvucci, 2008). 

The ATPase activity of RCA is regulated by the stromal ATP/adenosine diphosphate 

(ADP) ratio, while thermolability of the enzyme plays a significant role in decreasing 

photosynthetic rate, growth rate, and seed yield associated with moderate heat stress 

(Kurek et al., 2007). It is feasible that the rapid AtPNP-A-dependent decrease of the 

photosynthetic rate can be mediated by its direct interaction with RCA, which 

subsequently may either inhibit the enzyme and/or prevent the enzyme from binding 

to the large subunit of rubisco, thereby also regulating the Calvin-Benson cycle 

(Zhang & Portis, 1999). RCA appears to be an important node linking changes in 

photosynthetic rate, resulting in differences in plant growth, with herbivore challenge. 
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RCA-dependent activation of rubisco oxygenase activity leading to production of 

2-phosphoglycolate (glycolate 2-P), a key regulator of the photosynthetic and 

photorespiratory metabolism (Timm et al., 2012), initiates photorespiration – the 

major source of hydrogen peroxide (H2O2) important for both signalling and pathogen 

defence (Figure 2.23). Expression of the RCA protein is significantly induced prior to 

transcriptional changes in bacteria-challenged A. thaliana (Jones, Thomas, Bennett, 

Mansfield, & Grant, 2006) as well as in a citrus treated with XacPNP – a PNP-like 

protein present in the Gram-negative bacterial citrus pathogen, X. axenopodis pv. citri 

(Garavaglia et al., 2010b), and this may be an early plant response to bacterial 

quorum-sensing signals (Miao, Liu, Zhao, Jia, & Song, 2012). These observations 

further strengthen the above hypothesis, as the up-regulation of RCA could be in part 

a consequence of the AtPNP-A-induced inhibition of RCA activity and the plant 

attempts to compensate for it. Revealing the relation between the JA-induced leaf 

senescence and coronatine-insensitive 1 (COI1)-dependent JA repression of RCA, 

both at the transcript and protein level (Shan et al., 2011), made it reasonable to argue 

that AtPNP-A, with its high gene expression level during senescence (Arabidopsis 

ePF Browser; http://bbc.botany.utoronto.ca/efp; (Schmid et al., 2005)), may also be 

involved in the modulation of this process.  

Another potential interactant of AtPNP-A that may mediate the AtPNP-A-dependent 

changes in gas exchange is chloroplast-localised PGR1 (PET C) – a Rieske 

iron-sulfur (FeS) center of cytochrome b6f complex, by which plastoquinol is oxidised 

to semiquinone with a release of two protons to the thylakoid lumen (Figure 2.22). 

Isolation of the pgr1 mutant entirely lacking thermal dissipation of absorbed light 

energy, with little non-photochemical quenching of chlorophyl fluorescence, 

decreased electron transport at saturating light intensities, and showing 
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hypersensitivity of the cyclic electron flow to acidification of the thylakoid lumen, 

suggested that the protein is involved in the route of electron transfer shared by both 

linear and cyclic flow (Okegawa, Tsuyama, Kobayashi, & Shikanai, 2005). 

Sensitivity of the mutant to changes in light conditions indicated that the maximum 

activity of the cytochrome b6f complex is needed for both short-term acclimation and 

protection against photo-oxidative damage. Since pgr1 phenotype was specific to 

thermal dissipation, which is a first line of defence in photo-protection and acts as a 

short-term response of plants to down-regulate light harvesting in the Photosystem II 

(PS II) (Elrad, Niyogi, & Grossman, 2002), putative interaction of AtPNP-A with 

PGR1 could be aimed at modulating photo-oxidative stress arising from ROS formed 

by absorption of excess light energy. This in turn could lead to a decrease in 

photosynthetic rate. Since AtPNP-A-mediated decrease in photosynthesis rate is 

accompanied with an increase of stomatal conductance (Gottig et al., 2008), it is 

likely that the observed down-regulation of photosynthesis occurs – at least in part – 

by diminishing the source of electrons for fixation of CO2.  

The “perturbations tool” in Genevestigator microarray database and analysis toolbox 

(Zimmermann, Hirsch-Hoffmann, Hennig, & Gruissem, 2004) revealed that 

expression of the genes encoding both RCA and PGR1 proteins is induced in light 

quality- and intensity-dependent fashion, which is consistent with the biological 

functions fulfilled by these proteins. In contrast to a gradual time-dependent increase 

of AtPNP-A expression induced by night extension, a gradual decrease in expression 

of both genes, particularly RCA, has been observed. In addition, nitrate starved Col-0 

seedlings show high induction of AtPNP-A and low expression of both At2g39730 

and At4g03280 encoding RCA and PGR1, respectively. This observation may be 
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linked to the fact that rubisco and the photorespiratory enzymes are a major plant 

nitrogen store (Parry, Keys, Madgwick, Carmo-Silva, & Andralojc, 2008).  

 

 
Figure 2.22. Photosynthesis pathway map extracted from Kyoto Encyclopedia of Genes 
and Genomes (KEGG). Location of PGR1 (PET C) in cytochrome b6f complex and Fer 
(FED A) in photosynthetic electron transport chain are indicated with purple and pink, 
respectively.  

The question whether AtPNP-A affects only the linear or also the cyclic electron flow 

remains open. Since competition for the oxidation of ferredoxin is the central control 

point for cyclic versus linear electron flow (Johnson, 2011), the major leaf ferredoxin, 

which has been identified as a candidate direct interactant of AtPNP-A based on Y2H 

screen, has also been selected for further analysis. Fer is a soluble electron carrier 

involved in photosynthetic electron transport in photosystem I (PS I) (Figure 2.22), 

containing (similarly to PGR1) an Fe-S center and comprising approximately 90% of 

all leaf ferredoxin (Hanke, Kimata-Ariga, Taniguchi, & Hase, 2004). Identification of 
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both PGR1 and Fer as putative direct interactants of AtPNP-A makes the notion that 

the hormone modulates the rate of cyclic flow possible and worth further 

investigation. Cyclic electron flow, which tends to increase at high light, under low 

CO2 and upon exposure to drought, was proposed to operate within a supercomplex 

that includes both ferredoxin and cytochrome b6f complex (Joliot & Joliot, 2002). 

Genevestigator analysis also revealed that, similarly to AtPNP-A, FED A is 

down-regulated in Col-0 seedlings grown under drought conditions, but in contrast to 

AtPNP-A, FED A shows down-regulation in nitrate-starved seedlings. 

Both in vivo methods used to identify binding partners of AtPNP-A – the 

cross-linking preformed on MCPs and Y2H analysis – pointed at Cat2 as a weakly 

binding direct interactant of AtPNP-A. Like in all higher plants studied to-date, in 

Arabidopsis three genes encoding catalases, comprising the major class of enzymes 

responsible for detoxification of H2O2 in cells through dismutation, have been 

identified (Frugoli et al., 1996). Reduction of catalase activity resulted in increased 

sensitivity to ozone and photorespiratory H2O2-induced cell death (Vandenabeele et 

al., 2004). In Arabidopsis leaves, the enzyme activity and expression levels of Cat2 

are the highest among all catalases – the mutation in Cat2 resulted in over 60% 

decrease in catalase activity (Jannat et al., 2011). Although expression of Cat2 is not 

necessary for optimal growth or redox homeostasis in the absence of photorespiration, 

it has been shown to play an indispensable role in preventing redox perturbation under 

ambient air conditions, with the functional consequences of Cat2 deficiency (e.g. 

lesion formation), being dependent on both photoperiod (Queval et al., 2007) and 

synthesis of SA through the isochorismate pathway, which is known to be activated in 

response to biotroph challenge (Chaouch et al., 2010). Since activity of catalases 

appears to be a key component determining whether ROS associated with 
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photorespiration contributes to the defence responses (Figure 2.23) (Kangasjärvi, 

Neukermans, Li, Aro, & Noctor, 2012), it can be speculated that the putative 

interaction of this node protein with AtPNP-A could be aimed at either increasing the 

activity of the enzyme to produce a 'sink potential' for the product of photorespiration 

(glycolate 2-P), thus enhancing the rate of this process, or at decreasing the activity of 

Cat2, resulting in accumulation of H2O2. We therefore hypothesise that AtPNP-A can 

indirectly lead to induction of defence gene expression and is doing so also by 

modulating its own expression at the transcript and/or protein level (Wang, Gehring, 

& Irving, 2011).  

 
Figure 2.23. Photosynthetic and photorespiratory ROS production and some of the 
factors that may promote their contribution to SA-related defence responses. C:O ratio, 
relative rates of carboxylation and oxygenation catalysed by rubisco; glycolate 2-P – 
2-phosphoglycolate (Kangasjärvi et al., 2012).  

Genevestigator analysis revealed that both AtPNP-A and Cat2 shows the highest 

expression in the sepal. Similarly to AtPNP-A, Cat2 is down-regulated in Col-0 

seedlings grown under long day conditions, but in contrast to Cat2, AtPNP-A shows 

time-dependent up-regulation in high light-irradiated catalase-deficient plants. 

Although down-regulated in the cat2 deficiency mutant, the genes show differential 

regulation upon change in either length of the day or concentration of CO2. 
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Interestingly, catalase 3 (Cat3), which has been shown to modulate Ca2+-dependent 

peroxisomal H2O2 catabolism in Arabidopsis guard cells (Costa et al., 2010), has also 

been identified as a candidate interactant of AtPNP-A in the AC/MS experiments 

performed on proteins extracted from leaf tissue (Supplementary Table 3). Both Cat2, 

activated by cold and drought stress, and Cat3, mainly up-regulated by ABA and 

oxidative treatments, are considered major H2O2 scavengers contributing to ROS 

homeostasis in light or darkness, respectively (Du, Wang, Chen, & Song, 2008). As 

catalases commonly function to down-regulate ROS during ABA- (Jannat et al., 

2011) and, to greater extent, methyl jasmonate (MeJa)-induced stomatal closure 

(Jannat et al., 2012), the putative interaction of AtPNP-A with these enzymes is 

definitely worth further exploration. In the light of these discoveries, the question 

arises whether AtPNP-A enhances activity of Cat2 (and/or other catalases) to oppose 

and slow previously observed ABA-induced stomatal closure (Wang et al., 2007).  

Another protein which may mediate guard cell responses to AtPNP-A is CaS, a 

plant-specific protein identified with high confidence using both AC/MS approach 

performed on proteins extracted from leaf and stem tissue as well as in-vivo 

cross-linking performed of proteins expressed in MCPs. The protein is expressed 

predominantly in the shoot, including guard cells, and was considered to be localised 

to the PM (Han, Tang, Anderson, Woerner, & Pei, 2003). Repression of the protein 

has severe effects in disruption of extracellular Ca2+ signalling in guard cells, 

impairment of bolting due to Ca2+ deficiency (Han et al., 2003), while CaS knock-out 

resulted in reduced growth of the mutant as compared to the WT plants (Vainonen et 

al., 2008), indicating requirement of CaS both for sensing and conversion of 

extracellular Ca2+ into cytosolic free Ca2+ as well as for plant development and 

growth. Localisation of the CaS protein, characterized by light intensity-dependent 
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transcription and phosphorylation level, in the photosynthetic thylakoid membrane 

was also reported, and these studies revealed the absence of CaS in the PM (Vainonen 

et al., 2008). The receptor containing low-affinity/high capacity Ca2+ binding sites on 

its N terminus, is predicted to contain a single membrane-spanning domain, with 

C-terminus part that contains rhodenase-like domain probably involved in PPIs (Han 

et al., 2003) and Thr360 phosphorylation site, predicted to be located in stroma 

(Vainonen et al., 2008). Although the CaS signaling pathway, involving regulation of 

the inositol 1,4,5-triphosphate (IP3) that subsequently releases Ca2+ from internal 

stores (Tang et al., 2007), is far from being understood, several key components 

involved in the CaS-regulated stomatal closure have been reported (Figure 2.24). 

These include H2O2 and nitric oxide (NO), generation of which is essential for 

extracellular Ca2+-induced stomatal closure and is mediated by CaS (Wang et al., 

2012). 

 
Figure 2.24. Schematic representation of the possible signalling cascade leading to the 
stomatal closure by extracellular Ca2+ and ABA. The cascades for which the evidence is 
ambiguous or lacking are indicated with dotted arrows, while well-established events are 
represented with solid arrows. NO – nitric oxide (Wang et al., 2012).  

Given that CaS appears to have a central role in various extracellular Ca2+-dependent 

processes, it is possible that the putative (and probably inhibitory) interaction of 

AtPNP-A with CaS may down-regulate the stomatal closure and enhance 

transpiration. As Ca2+ is known to be translocated to highly-transpiring tissues 

(Clarkson, 1984), the assumed direct or indirect inhibitory effect of the hormone on 
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CaS-mediated extracellular Ca2+-induced stomatal closure could, at least partially, 

explain the rapid, irradiance-independent enhancement of transpiration rate observed 

upon treatment of leaf with AtPNP-A (Gottig et al., 2008) as well as the ability of the 

AtPNP-A to oppose and slow down the ABA-induced stomatal closure (Wang et al., 

2007), according to the model presented in Figure 2.24. 

Apparent function of CaS in sensing and signalling environmental cues is in 

agreement with CaS transcript differentially-regulated under conditions of several 

biotic and abiotic stresses, with opposed regulation of AtPNP-A and CaS genes 

observed under conditions of nitrate starvation or night extension (Genevestigator). 

Recent findings revealed CaS may play a role of a node protein, enabling cross-talk 

between chloroplasts to cellular immune responses. CaS appears to function upstream 

of ROS signalling and SA synthesis and is responsible for both pathogen-associated 

molecular pattern (PAMP)-induced basal resistance and the resistance gene (R 

gene)-mediated hypersensitive cell death (Nomura et al., 2012). In the light of these 

discoveries, the putative interaction between AtPNP-A and CaS is of particular 

interest. 

The sixth prey selected for further investigation of its interaction with AtPNP-A is an 

uncharacterised protein encoded by the At5g39570 gene and predicted to be located 

in nucleus and cytosol (BioGRID; http://thebiogrid.org; (Stark et al., 2006). This zinc 

ion-binding protein, classified as a member of the really interesting new gene 

(RING)/U-box superfamily (TAIR; http://www.arabidopsis.org), has been identified 

as AtPNP-A interacting partner based on both AC/MS analysis performed on proteins 

extracted from stem as well as Y2H screen, implying direct interaction. The RING 

domain is functionally considered a protein interaction domain and RING-finger 

proteins are involved in a range of biological processes, such as transcriptional and 
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translational regulation or targeted proteolysis (Kosarev, Mayer, & Hardtke, 2002). 

Therefore, the RING protein showing similarity to glycine-rich proteins, which 

functions are often implicated with cell wall structure, plant defence or osmotic stress 

(Mangeon, Junqueira, & Sachetto-Martins, 2010), appeared to be an interesting 

candidate binding partner of AtPNP-A (and further termed GRP). The Genevestigator 

inspection revealed significant up-regulation of the At5g39570 gene under conditions 

of semi in vivo pollen tube growth and, to a lower extent, in plants grown under 

conditions of cold and drought. These observations indicate the protein may play role 

in pollen growth and responses to abiotic stress. Moreover, both AtPNP-A and 

At5g39570 genes are down-regulated in the long-term acclimatory response (LTR) 

mutants: the psad1-1, which is dSpm-mutagenised Col-0 identified on the basis of 

decrease in the effective quantum yield of photosystem (PS) II, stn7-1, a transferred 

DNA (T-DNA) insertion mutant of STN7 protein kinase required for LHCII 

phosphorylation and state transitions, and the psad1-1/stn7-1 double mutant generated 

by crossing the corresponding single mutants stn7-1 and psad 1-1. Apparent 

differential expression of the At5g39570 gene under condition of abiotic stress may 

correspond with up- or down-regulation of protein expression and therefore indicates 

putative function of the protein in responses to varying environmental conditions, 

particularly in long-term acclimation. 

Although only AC/MS analysis performed on proteins extracted from leaf tissue 

pointed at an interesting protein that belongs to the LRR family, encoded by 

At1g33612.1 gene, as a candidate binding partner of AtPNP-A, the protein was 

considered for further analysis. Since LRR is a common protein recognition motif and 

the family of LRR proteins includes many receptors for plant peptide hormones, 
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investigation of interaction involving AtPNP-A and this protein was of high 

importance with the view of identification of the AtPNP-A receptor(s). 
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CHAPTER 3. IN VITRO ANALYSES OF PEPTIDE – PROTEIN AND 

PROTEIN – PROTEIN INTERACTIONS INVOLVING ATPNP-A 

Abstract 

A critical step towards unravelling relationships between proteins in living systems is 

the mapping of interactions these proteins are involved in. Specificity of interactions 

occurring between two or more proteins is a key to understand their biological 

functions. Although powerful, techniques used in the large-scale analysis of protein 

interactions do not give a definite answer to the questions of whether identified 

candidate interactants bind the protein of interest specifically and if the observed 

interaction is of a biological relevance. However, these questions can be answered by 

combining results obtained from in-depth in vitro and in vivo analyses of the 

interactions. For that purpose, several candidate interactants of AtPNP-A identified 

with large-scale PPI technologies have been expressed as recombinants, purified and 

used with AtPNP-A in in vitro binary binding analyses performed using highly 

sensitive surface plasmon resonance (SPR) technology that monitors the interaction 

between molecules in real time. Mapping of the AtPNP-A binding site to the 

interactants has been attempted by using biologically active AtPNP-A peptide, and 

the specificity of the occurring interactions was confirmed by the lack or low extent 

of protein binding to the reference surface containing immobilized scrambled peptide. 

Vast majority of the studied candidate interactants of AtPNP-A has proven to bind the 

recombinant protein as well as its active site specifically in both ligand-analyte 

configurations, confirming specificity of the investigated binary interactions.  
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3.1. INTRODUCTION 

Specificity is a necessary characteristic of protein-protein and peptide-protein 

interactions and a required feature of interacting biological networks. In an attempt to 

verify the specificity of interactions involving AtPNP-A and its binary partners 

previously identified with high confidence as interactants of the hormone (see chapter 

2), an optical biosensor exploiting the evanescent-wave phenomenon, termed SPR 

(Liedberg, Nylander, & Lundstrom, 1983), has been employed. The approach 

involves attaching one interacting partner (ligand) to the surface of a sensor chip and 

then passing a sample containing the other interaction partner (analyte) over the 

surface. Binding of molecules to the sensor surface generates response, which is 

proportional to the bound mass. Binding events are followed in real time and a range 

of interaction characteristics, such as the specificity of an interaction investigated by 

testing the extent of binding between different pairs of molecules, can be determined.  

In this chapter, the results of SPR PPI analyses of purified AtPNP-A recombinant 

with the purified recombinants being candidate interactants of the hormone as well as 

the results of SPR peptide-protein interaction analyses of binding occurring between 

the synthetic peptide containing the active site of AtPNP-A with the purified 

recombinants being candidate interactants of the hormone are presented. Using 

interactants of high purity significantly increases the probability of detecting true 

binding events and decreases the chances of characterizing unspecific interactions. 

Moreover, conducting the analyses on an active (i.e. containing bioactive ligand) and 

a reference (used as a control surface, i.e. not containing bioactive ligand, but being 

modified in an analogous way to the active surface, so that it matches the active 

surface as much as possible, e.g. by carrying inactive ligand) sensor surface in parallel 

enables accurate investigation of qualitative and quantitative binding behaviour. 
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Analyses were performed in both ligand-analyte configurations (i.e. protein A used as 

a ligand while protein B used as an analyte, and vice versa in the next analysis cycle) 

on several sensor chips allowing for different chemistry of ligand immobilization. 

These commonly used covalent immobilization or capturing approaches increase the 

confidence in the specificity of the binding event under investigation thereby 

enhancing the usefulness of the biomolecular analyses. The definitive evidence for a 

specific PPI is pinpointing the protein site(s) critical for binding. Here specific 

protein-protein and peptide-protein interactions have enabled the determination of the 

binary interaction partners of AtPNP-A.  
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3.2. MATERIALS AND METHODS 

3.2.1. Isolation of genes encoding candidate AtPNP-A interactants  

3.2.1.1. Primer design 

Genomic sequences of genes encoding candidate AtPNP-A interactants identified 

previously (see chapter 2) were retrieved from TAIR. Pairs of gene-specific primers 

were designed to amplify the gene products from cDNA isolated from A. thaliana 

(Col-0) leaves as described previously (see section 2.2.2.2). The sequences of For and 

Rev gene-specific primers, designed for isolation of each gene, are given in Table 3.1. 

Primers for three (At1g60950, At5g23060, At1g33612) out of seven genes have been 

designed for the isolation of genes without the sequence encoding predicted transit 

peptide, while in case of the other genes (At4g03280, At5g39570, At4g35090, 

At2g39730) the primers have been designed to isolate the sequences encoding the 

full-length proteins (including the predicted transit peptide). 

Table 3.1. Compilation of gene-specific primers designed for isolation of the genes 
encoding candidate interactants of AtPNP-A. 
 

 

Gene name 
 

Locus 
 

Sequences of gene-specific primers (5’-3’) 
 

 

PGR1 
 

At4g03280.1 
 

For: ATGGCGTCCTCATCCCTTTC 
Rev: TTAAGACCACCATGGAGCATC 

GRP At5g39570.1 For: ATGCCGTACTATACGAGAGATG 
Rev: TTACTCATCGTCTTCGTCAC 

FED2 At1g60950.1 
 

For: GCTACATACAAGGTCAAGTTC 
Rev: TTAAACAATGTCTTCTTCTTTG 

CaS At5g23060.1 
 

For: GTTTCACTTCCAACATCAAC 
Rev: TCAGTCGGAGCTAGGAAGGAAC 

Cat2 At4g35090.1 For: GATCCTTACAAGTATCGTCCAG 
Rev: TTAGATGCTTGGTCTCTCACGT 

RCA At2g39730.1 For: GCCGCCGCAGTTTCCACC 
Rev: TCAAAAGTTGTAGACACAGGTTCCATCGTC 

RLP At1g33612.1 For: GCCACGTGTGATCCTGATG 
Rev: CTACACTTTACAAGGAGAAA 
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3.2.1.2. PCR amplification of the genes from cDNA 

Reactions were performed as described previously (see section 2.2.2.3) using the 

same conditions, with the exception of the temperature of primer annealing (Ta) that 

was dependent on the average melting temperature of each pair of the gene-specific 

primers. Optimised values of Ta used in the PCR experiments are given in Table 3.2. 

Table 3.2. Compilation of Ta optimised for PCR experiments performed using HiFi 
polymerase. 
 

 

Protein name 
 

Locus 
 

Ta [°C] 
 

 

Proton Gradient Regulation 1 (PGR1) 
 

At4g03280.1 
 

62 
Unknown protein (GRP) At5g39570.1 66 
Ferredoxin (Fer) At1g60950.1 60 
Calcium sensing receptor (CaS) At5g23060.1 62 
Catalase 2 (Cat2) At4g35090.1 62 
Rubisco activase (RCA) At2g39730.1 60 
Receptor-like protein (RLP) At1g33612.1 61 

 

 

3.2.2. Preparation of the proteins and peptides for SPR analyses 

3.2.2.1. Recombination cloning into the entry and destination vectors 

Cloning of the freshly prepared PCR products into the pCR8/GW-TOPO TA entry 

vector and into the pDEST17 destination vector was performed as described 

previously (see sections 2.2.3.1 and 2.2.3.2, respectively). At each stage of the 

cloning the PCR products were sequenced to ensure their appropriate insertion in the 

vector. 

3.2.2.2. Expression and purification of the putative interactants of AtPNP-A 

The successfully sequenced constructs were used in parallel transformation of 

chemically component E. coli BL21(DE3), BL21(DE3)pLysS, and BL21-AI One 
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Shot cells (Invitrogen, USA), as described previously (see section 2.2.4.1), in order to 

efficiently optimize the best expression strain for each protein in the shortest period of 

time. The transformed BL21(DE3) and BL21AI One Shot cells were selected using  

50 µg mL-1 carbenicillin, while selection of the BL21(DE3)pLysS cells was 

performed in the presence of 34 µg mL-1 chloramphenicol in addition to 50 µg mL-1 

carbenicillin. Heterologous expression of the recombinant proteins of putative 

AtPNP-A interactants was performed as described previously (See section 2.2.4.2). 

Both BL21(DE3) and BL21(DE3)pLysS cells were induced with up to 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG), while BL21-AI cells were induced 

with L-arabinose at the final concentration of 0.2% (w/v). The cells were grown for  

4 h at 37°C with shaking at 200 rpm. Purification of the recombinants was performed 

under denaturing conditions, as described previously (see section 2.2.4.3), and the pH 

of the buffers used in the FPLC system was optimised for each of the proteins. 

Moreover, in case of the proteins that require for their activity certain cofactors, 

composition of the refolding and elution buffers was additionally optimised. In case 

of PGR1 and Fer, the buffers were supplemented with 5 µM Fe2(SO4)3, while in case 

of Cat2, the buffers contained 5 µM CoCl2-6H2O and 5 µM C34H32ClFeN4O4. The 

purification process was verified using SDS-PAGE.  

3.2.2.3. Dialysis and verification of the identity and purity of the proteins 

N- and C-terminally biotinylated synthetic peptides, containing the aa sequence of the 

active site of AtPNP-A (AVYYDPPYTRSACYGTQRETLVVGVKNNLWQNGRACGRRY), 

and the corresponding N-terminally biotinylated scrambled peptide composed of the 

same amino acids (PYGGLPCVGKTRYSVWYQGNTANLCTYEVYQDVRNARRAR), of 

96% (w/w) purity grade (Genscript, USA), were used in SPR analyses by diluting the 

10 mM stock solutions to the final working concentrations (either 1 µM or 200 nM) 
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with HEPES buffered saline with polysorbate 20 (HBS-P+; pH 7.4) buffer (GE 

Healthcare, Sweden) containing 10 mM HEPES, 150 mM NaCl and 0.05% (v/v) 

polysorbate 20 (P20) surfactant. HBS-P+ (pH 7.4) buffer, filtered through 0.22 µm 

Stericup filtering unit (EDM Millipore, USA) and sonicated for 30 min, was used as 

the running buffer in SPR experiments. Solution containing refolded recombinant 

protein was transferred to regenerated cellulose dialysis tubing (MW cut-off 3500 Da; 

Fisherbrand, UK) and subjected to a 5-step dialysis in HBS-P+ (pH 7.4) buffer used 

in the SPR experiments as a running buffer. Each dialysis step lasted at least 4 h, and 

the volume of dialysing buffer was at least 500-times higher than the volume of the 

protein solution. After 10 min centrifugation of the dialysed proteins and peptides at 

18 500 × g and discarding the pelleted aggregates, proteins were quantified using 

QuickStart Bradford Reagents, as described previously (see section 2.2.4.3). At the 

same time verification of the proteins purity was assessed by SDS-PAGE. The bands 

corresponding to the predicted MW of the recombinant proteins were excised and 

subjected to the in-gel trypsin digestion (see section 2.2.7.3) in preparation to 

identification of the proteins with MS (see section 2.2.7.4). 

3.2.3. In vitro analyses of peptide-protein interactions using SPR 

Binary interaction between N- or C-terminally biotinylated biologically active 

AtPNP-A peptide (Peptides 1 and 2; see section 2.2.6) or the corresponding 

N-terminally biotinylated scrambled peptide with putative interactants that have been 

expressed as recombinant proteins and purified, were performed at 20°C on Biacore 

T100 instrument (GE Healthcare, Sweden) with Series S CAP sensor chip and Biotin 

CAPture kit (GE Healthcare, Sweden), which enable reversible capture of 

biotinylated ligands, and with Series S NTA sensor chip and NTA reagent kit (GE 
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Healthcare, Sweden), which allow for immobilization of the recombinant proteins and 

usage of the peptides as analytes, under optimised conditions according to the 

manufacturer’s recommendations. Binding cycles were operated using Biacore T100 

control software (version 2.0.2) (GE Healthcare, Sweden) and the analysis of the 

results was performed with Biacore T100 evaluation software (version 2.0.2) (GE 

Healthcare, Sweden). To ensure maximum sensitivity, the system was primed before 

each cycle of analyses to ensure that all parts of the liquid handling system are flushed 

with fresh running buffer, followed by normalization procedure to calibrate the 

detector unit when a new sensor chip has been docked. During each cycle of binding 

analyses, results from the first three runs (i.e., the startup cycles) were discarded. 

Each binding experiment in each series of experiments performed on both sensor 

chips was done at least three times (technical replicates), each time with freshly 

purified proteins (biological replicates). 

3.2.3.1. Peptide-protein binding analyses performed on the CAP sensor chip 

In the first series of experiments performed on the CAP sensor chip, specificity of the 

interactions was evaluated by investigating the binding of the purified recombinant 

AtPNP-A interactants (analytes) to both the active (i.e. surface activated with Biotin 

CAPture Reagent followed by injection of the N-terminally biotinylated AtPNP-A 

peptide at the working concentration of 1 µM through the active flow cell) and the 

reference surface (i.e., surface activated only with Biotin CAPture Reagent followed 

by injection of the running buffer through the reference flow cell, not carrying any 

peptide), according to the manufacturer’s instructions. Conditions of the run are given 

in Table 3.3. 



 132 
Table 3.3. Conditions of the peptide-protein binding cycle performed on the CAP sensor 
chip with BiotinCAPture reagent kit.  
 

 

Step 
 

Injected Solution 
 

Flow cell 
 

Flow 
[µL/min] 

 

Time  
[s] 

 

Surface activation 
 

Biotin CAPture 
Reagent 

 

4, 3 
 

2 
 

300 

Ligand(s) capturing Ligand(s) in HBS-P+ 4, (3) 5 200 
Washing the loosely 
immobilised ligands off 

HBS-P+ 3, 4 30 500 

Analyte injection Analyte in HBS-P+ 3, 4 30 200 
Washing the loosely bound 
analyte off 

HBS-P+ 3, 4 30 60 

Regeneration 8M guanidine 
hydrochloride 
 

3, 4 30 120 
 

 

Binding analysis was performed in two flow cells (4-3). Signal corresponding to the binding 
of the analyte to the reference surface (flow cell 3) was subtracted from the signal 
corresponding to the binding of the analyte to the ligand immobilised on the active surface 
(flow cell 4). Composition of the Biotin CAPture reagent (50 µg mL-1) in HBS-EP buffer 
(10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) P20), provided by the 
manufacturer in the biotin CAPture kit, is unknown. Additional injection applying to 
analyses with two ligands (third series of experiments) is given in brackets (). 
 

In the second series of experiments performed on the CAP sensor chip, specificity of 

the interactions was evaluated by investigating the binding of the purified 

recombinant AtPNP-A interactants (analytes) to both the active (i.e. surface activated 

with Biotin CAPture Reagent, with C-terminally biotinylated AtPNP-A peptide, 

followed by injection of the C-terminally biotinylated AtPNP-A peptide at a working 

concentration of 1 µM through the active flow cell) and the reference surface (i.e., 

surface activated with Biotin CAPture Reagent followed by injection of the running 

buffer through the reference flow cell, not carrying any peptide), according to the 

manufacturer’s instructions. Conditions of the analysis cycle are given in Table 3.3. 

In the third series of experiments performed on the CAP sensor chip, specificity of the 

interactions was confirmed by investigating the binding of the purified recombinant 

AtPNP-A interactants (analytes) to both the active (i.e. surface activated with Biotin 

CAPture Reagent followed by injection of the N-terminally biotinylated AtPNP-A 
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peptide at the working concentration of 200 nM through the active flow cell, resulting 

in the ligand immobilization level allowing for the theoretical maximum response 

(Rmax) of approximately 500 RU upon binding of an analyte) and the reference surface 

(i.e., surface activated with Biotin CAPture Reagent, followed by the injection of the 

N-terminally scrambled peptide at the working concentration of 200 nM to the 

reference flow cell, resulting in the inactive ligand immobilization level allowing for 

Rmax of approximately 500 response units (RU) upon binding of an analyte). In case 

of each pair of interactants, the immobilized amount (RLigand) of the peptide needed to 

reach the Rmax upon binding of the analyte was calculated from the equation:  

RLigand = Rmax × MWLigand / MWAnalyte and is given in Table 3.4. The calculation 

assumes a 1:1 binding and that the peptide is 100% active. The conditions of the run 

are given in Table 3.3. 

Table 3.4. Compilation of theoretical values of the RLigand needed to reach Rmax = 500 RU 
upon binding of each analyte. 
 

 

Ligand* 
 

Analyte 
 

RLigand [RU] 
 

 

AtPNP-A / scrambled peptide 
 

PGR1 
 

88 
AtPNP-A / scrambled peptide GRP 53 
AtPNP-A / scrambled peptide Fer 134 
AtPNP-A / scrambled peptide CaS 55 
AtPNP-A / scrambled peptide Cat2 41 
AtPNP-A / scrambled peptide RCA 47 
AtPNP-A / scrambled peptide RLP 49 

 
 

Calculations have been done separately for each pair of binding partners, assuming 1:1 
stoichiometry and that the peptide is 100% active. * The biologically active AtPNP-A 
peptide or the corresponding scrambled peptide was used as the ligand. 
 

3.2.3.2. Peptide-protein binding analyses performed on the NTA sensor chip 

Investigation of the peptide-protein interactions in inverted analyte-ligand 

configuration was performed on Series S sensor chip NTA using NTA reagent kit (GE 

Healthcare, Sweden). Binding response of the peptides used as analytes, interacting 
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with the immobilized purified interactants of AtPNP-A used as ligands was measured. 

Prior to the analyses, series of control cycles were performed to test an unspecific 

binding of the analytes to Ni2+. Binding cycles were essentially performed according 

to the manufacturer’s instructions. Experimentally optimised conditions of the 

analysis cycle are given in Table 3.5. 

Table 3.5. Conditions of the peptide-protein binding cycle performed on the NTA sensor 
chip with NTA reagent kit. 
 

 

Step 
 

Injected Solution 
 

Flow cell 
 

Flow 
[µL/min] 

 

Time 
[s] 

 

Surface activation 
 

0.5 mM NiCl2 in HBS-P+ 
 

4 
 

5 
 

60 
Extra wash 3 mM EDTA in HBS-P+ 3, 4 10 120 
Ligand capturing  His-tagged protein in  

HBS-P+ 
4 5 180 

Analyte injection  AtPNP-A / scrambled 
peptide in HBS-P+ 

3, 4 5 240 

Surface regeneration 350 mM EDTA in HBS-P+ 
(pH 8.3) 

3, 4 30 60 

Extra wash HBS-P+ 3, 4 30 120 
 

 

Binding assays were performed in two flow cells (4-3). Signal corresponding to the binding 
of the analyte to the reference surface (flow cell 3) was subtracted from the signal 
corresponding to the binding of the analyte to the ligand immobilized on the active surface 
(flow cell 4). 
 

Purified His-tagged recombinant interactants of AtPNP-A were immobilised on the 

active surface of the conditioned chip at the amount enabling reaching approximately 

Rmax of 500 RU upon binding of the biologically active AtPNP-A peptide or the 

corresponding scrambled peptide (both diluted in the running buffer and used at the 

working concentration of 1 µM). A flow cell, to which nickel solution was not 

injected, was used as a reference, according to the manufacturer’s instructions. The 

RLigand needed to reach the Rmax upon binding of the analyte, was calculated from the 

equation: RLigand = Rmax × MWLigand / MWAnalyte and is given in Table 3.6. The 

calculation assumes a 1:1 binding and that the peptide is 100% active. 
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Table 3.6. Compilation of theoretical values of the RLigand needed to reach Rmax = 500 RU 
upon binding of the analyte. 
 

 

Ligand 
 

Analyte* 
 

RLigand [RU] 
 

 

PGR1 AtPNP-A / scrambled peptide 
 

2834 
GRP AtPNP-A / scrambled peptide 4761 
Fer AtPNP-A / scrambled peptide 1865 
CaS AtPNP-A / scrambled peptide 4576 
Cat2 AtPNP-A / scrambled peptide 6101 
RCA AtPNP-A / scrambled peptide 5370 
RLP AtPNP-A / scrambled peptide 5143 

 
 

Calculations have been done separately for each pair of binding partners, assuming 1:1 
stoichiometry and that the protein is 100% active. * The biologically active AtPNP-A 
peptide or the corresponding scrambled peptide was used as the analyte. 
 

3.2.4. In vitro analyses of protein-protein interactions using SPR 

Binary interactions between purified recombinant AtPNP-A protein with its candidate 

interactants that have been expressed as recombinant proteins and purified, were 

performed at 20°C on Biacore T100 instrument (GE Healthcare, Sweden) and with 

Series S NTA sensor chip and NTA reagent kit (GE Healthcare, Sweden), that allow 

for non-covalent reversible immobilization of the recombinant proteins via His-tag, 

and with Series S CM5 sensor chip and Amine Coupling kit (GE Healthcare, 

Sweden), which enable irreversible covalent immobilization of the proteins, under 

experimentally optimised conditions. Binding cycles were operated using Biacore 

T100 control software (version 2.0.2) (GE Healthcare, Sweden) and the analysis of 

the results was performed with Biacore T100 evaluation software (version 2.0.2) (GE 

Healthcare, Sweden). Before each cycle of analyses the system was primed to ensure 

that all parts of the liquid handling system are flushed with fresh running buffer, 

followed by normalization procedure to calibrate the detector unit when a new sensor 

chip has been docked to ensure maximum sensitivity. During each cycle of binding 

analyses, results from the first three runs (i.e., the startup cycles) were discarded. 

Each binding experiment in each series of experiments performed on both sensor 
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chips was done at least three times (technical replicates), each time with 

independently purified proteins (biological replicates).  

3.2.4.1. Protein-protein binding analyses performed on the NTA sensor chip 

Investigation of the PPIs in both analyte-ligand configurations was performed on 

Series S sensor chip NTA using NTA reagent kit (GE Healthcare, Sweden), in which 

the His-tagged ligands were reversibly immobilized on the active surface of the 

sensor chip by capturing approach. Purified His-tagged AtPNP-A protein or each of 

its candidate interactants was immobilised on the active surface of the conditioned 

chip at an amount reaching approximately Rmax of 500 RU upon binding of the 

analyte. A blank surface over which a Ni solution was not injected was used as a 

reference. The binding cycles were performed essentially according to the 

manufacturer’s instructions. The optimised conditions of the analysis cycle are given 

in Table 3.7. 

Table 3.7. Conditions of the protein-protein binding cycles performed on the NTA 
sensor chip with NTA reagent kit. 
 

 

Step 
 

Injected Solution 
 

Flow cell 
 

Flow 
[µL/min] 

 

Time  
[s] 

 

Surface preparation 
with Ni 

 

0.5 mM NiCl2 in HBS-P+ 
 

4 
 

5 
 

60 

Extra wash 3 mM EDTA in HBS-P+ 3, 4 10 120 
Ligand capturing  His-tagged protein 

(ligand) in HBS-P+ 
4 5 180 

Analyte injection  His-tagged protein 
(analyte) in HBS-P+ 

3, 4 5 180 

Surface regeneration 350 mM EDTA in  
HBS-P+ (pH 8.3) 

3, 4 30 60 

Extra wash HBS-P+ 3, 4 30 120 
 

 

Binding analysis was performed in two flow cells (4-3). Signal corresponding to the binding 
of the analyte to the reference surface (flow cell 3) was subtracted from the signal 
corresponding to the binding of the analyte to the ligand immobilized on the active surface 
(flow cell 4). 
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The RLigand needed to reach the Rmax upon binding of the analyte, assuming 1:1 

binding and 100% peptide activity, was calculated from the equation: 

RLigand = Rmax × MWLigand / MWAnalyte and is given in Table 3.8. 

Table 3.8. Compilation of the theoretical values of RLigand needed to reach Rmax = 500 RU 
upon binding of the analyte. 
 

 

Ligand 
 

Analyte 
 

RLigand [RU] 
 

 

AtPNP-A 
 

PGR1 
 

271 
AtPNP-A GRP 161 
AtPNP-A Fer 412 
AtPNP-A CaS 168 
AtPNP-A Cat2 126 
AtPNP-A RCA 143 
AtPNP-A RLP 149 

PGR1 AtPNP-A 923 
GRP AtPNP-A 1550 
Fer AtPNP-A 607 
CaS AtPNP-A 1490 
Cat2 AtPNP-A 1987 
RCA AtPNP-A 1748 
RLP AtPNP-A 1674 

 
 

Calculations have been done separately for each pair of binding partners, assuming 1:1 
stoichiometry and that the protein is 100% active. 
 

3.2.4.2. Protein-protein binding analyses performed on the CM5 sensor chip 

Conditions of pre-concentration and regeneration for each pair of binding partners 

were experimentally optimised and the details of the amine-coupling ligand 

immobilization protocol as well as the binding analysis cycle following the ligand 

coupling are given in Table 3.9.  

Immobilization of the His-tagged ligands was performed automatically in 10 mM 

sodium acetate buffer, pH 4.0, (GE Helthcare, Sweden), for 800 – 1000 s to obtain the 

desired amount of immobilized ligand on the active surface. The RLigand needed to 

reach the Rmax upon binding of the analyte, assuming 1:1 binding and 100% peptide 

activity, was calculated from the equation: RLigand = Rmax × MWLigand / MWAnalyte and 
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is given in Table 3.8. The reference surface was modified in the same way as the 

active surface, with the exception of the ligand injection, as recommended by the 

manufacturer. For each pair of binding partners the binary interactions were 

performed in both analyte-ligand configurations to assess the specificity of the 

recognition. 

Table 3.9. Conditions of the protein-protein binding cycle performed on the CM5 sensor 
chip, including the steps used in the amine-coupling immobilization of the ligands on the 
surface of CM5 sensor chip prior to the analyte injection. 
 

 

Step 
 

Injected Solution 
 

Flow cell 
 

Flow 
[µL/min] 

 

Time  
[s] 

 

Surface activation 
 

EDC/NHS solution 
 

4, 3 
 

10 
 

420 
Ligand injection Ligand in 10 mM 

sodium acetate (pH 4.0) 
4 10 800-1000 

Inactivation of excess 
reactive groups 

1 M Ethanolamine-HCl 
(pH 8.5) 

4, 3 10 420 

Washing step HBS-P+ 4, 3 10 400 
Analyte injection  Analyte in HBS-P+ 4, 3 30 400 
Dissociation / Wash HBS-P+ 4, 3  30 60 
Surface regeneration* 10 mM Glycine-HCl  

(pH 2.5 or pH 3.0) 
 

4, 3  10 5 

 

Immobilization of the ligands was performed according to the Immobilization Wizard 
included in the Biacore T100 Control Software. Binding analysis was performed in two flow 
cells (4-3). Signal corresponding to the binding of the analyte to the reference surface (flow 
cell 3) was subtracted from the signal corresponding to the binding of the analyte to the 
ligand immobilised on the active surface (flow cell 4). * Regeneration of the surface was 
performed using 10 mM Glycine-HCl (pH 3.0) buffer in case of PGR1, RCA, and Cat2 
recombinants used as ligands. In case of the other ligands, regeneration of the surface with 
10 mM Glycine-HCl (pH 2.5) was performed. 
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3.3. RESULTS 

3.3.1. Preparation of constructs encoding the candidate interactants of AtPNP-A 

Genes encoding proteins of interest have been isolated from cDNA of Arabidopsis 

thaliana (Col-0) seedlings. Full-length PGR1 (At4g03280), GRP (At5g39570), Cat2 

(At5g35090), RCA (At2g39730) genes were amplified, while in case of FED2 

(At1g60950), CaS (At5g23060), and RLP (At1g33612) genes only the fragments that 

do not code for predicted transit or signal peptides were amplified by PCR using 

cDNA isolated from seedlings of A. thaliana as a template and a pair of gene-specific 

primers designed for this purpose. The purified PCR fragments were subsequently 

used as templates for two-stage cloning based on the Gateway Technology. Firstly, 

the genes were cloned into the pCR8/GW-TOPO TA entry plasmid and the 

recombinant entry vector was used for transformation of One Shot Top10 cells. 

Transformants were verified by PCR using a pair of gene-specific primers followed 

by sequencing of the isolated recombinant plasmids using a pair of vector-specific 

primers. Secondly, the clones containing the correct sequences, inserted in the right 

orientation into the pCR8/GW-TOPO TA backbone, were cloned into the pDEST17 

destination vector. The recombinant destination vector was used for transformation of 

Library Efficiency DH5α E. coli cells. Transformants were verified by PCR using a 

pair of gene-specific primers (Figure 3.1) followed by sequencing of the isolated 

recombinant plasmids using a pair of vector-specific primers. The pDEST17 

recombinant vectors containing the correct sequence of the inserts were subsequently 

transformed in parallel into BL21(DE3), BL21(DE3)pLysS, and BL21-AI One Shot 

E. coli cells to optimise the best conditions of protein expression in a time-efficient 
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manner. The positive transformants were confirmed by PCR using a pair of 

gene-specific primers.. 

A)  
 

 

B)  
 

 

C)  
 
 

 

D)  
 
 

 
        

E) 
 

 

 

F)  

 

G)  

 

H)  

 
Figure 3.1. Verification of the presence of the correct inserts in the destination pDEST17 
Gateway vector.  A) PGR1 (690 bp); B) GRP (1146 bp); C) Fer (291 bp); D) CaS (1065 bp); 
E) Cat2 (1479 bp); F) RCA (1425 bp); G) RLP (1351 bp); H) AtPNP-A (393 bp). L – 
O’Gene Ruler DNA Ladder Mix (Thermo Fisher Scientific, USA). Each PCR product is 
indicated with an arrow and the predicted sizes of the PCR products are given in brackets.  

3.3.2. Expression and purification of the recombinant interactants of AtPNP-A 

Expression of the His-tagged proteins was undertaken in the BL21 strain that gave the 

best results in terms of yield for each of the protein investigated (Table 3.10). All 

recombinant proteins contained at their N-terminus a His tag, which inclusion enabled 

subsequent purification of the recombinants using IMAC utilising the affinity of the 

imidazole side chains of the His-tag to the Ni-NTA chelate. The MW and pI of each 

of the recombinant proteins, computed on ExPASy Bioinformatic Resource Portal 

(http://web.expasy.org/compute_pi/), are given in Table 3.10. 
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Table 3.10. List of the recombinant proteins expressed and purified. 

 

Protein 
 

MW [kDa] 
 

pI 
 

BL21 strain 

 

Buffer pH 
 

 

Proton Gradient Regulator 1 (PGR1) 
 

 

27.46 
 

 

8.75 
 

 

AI 
 

7.4 

Unknown Protein GRP-like (GRP) 46.62 4.86 DE3 7.4 

Ferredoxin (Fer) 18.50 4.93 pLysS 7.4 

Calcium Sensing Receptor (CaS) 44.38 9.36 AI 7.4 

Catalase 2 (Cat2) 59.89 6.74 AI 8.0 

Rubisco Activase (RCA) 52.06 7.62 pLysS 8.5 

Receptor-like protein (RLP) 50.30 9.07 DE3 7.4 

Plant natriuretic peptide (AtPNP-A) 
 

15.03 9.23 AI 7.4 

Predicted MW, predicted pI, BL21 strain used in the large-scale expression of the 
recombinants, and pH of the buffers used during refolding of the recombinant proteins, is 
given. 

The recombinant proteins, partially accumulated in inclusion bodies, were effectively 

solubilised in the presence of 8 M guanidinium chloride compromising the tertiary 

structure of the proteins exposing the His-tag and enabling strong binding of the 

unfolded protein to the Ni-NTA matrix.  To ensure recovery of the biological activity 

of the denatured recombinant proteins, a 50 min refolding process using an 

FPLC-coupled linear gradient refolding system was applied. Binding of the protein to 

a 1 mL HP HisTrap column linked to FPLC system enabled immobilization of the 

recombinant proteins, while the subsequent slow (flow rate of 0.5 mL min-1) linear 

exchange of 8 M urea buffer, in which denatured proteins were suspended, to 

non-denaturing (0 M urea) buffer containing cofactors needed for the activity of some 

of the proteins (namely PGR1, Fer, and Cat2) enabled recovery of biological 

activities. The pH and the composition of the buffers used during the refolding and 

elution of each recombinant were optimized empirically based on the calculated pI 

(Table 3.10) and the biochemical properties of each protein, respectively. Moreover, 

native elution of refolded recombinant protein with buffer containing 500 mM 
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imidazole increased the purity of the proteins. The purity of the recombinant proteins 

was tested with SDS-PAGE. 

3.3.3. Preparation of the purified recombinants for SPR analyses 

Preparation of the purified refolded proteins for SPR analyses involved extensive 

dialysis of the recombinants into the HBS-P+ (pH 7.4) buffer used as a running buffer 

in the SPR experiments. Dialysed proteins were subjected to high-speed 

centrifugation allowing removal of aggregates, and the purity of proteins retained in 

the supernatant was analysed with SDS-PAGE (Figure 3.2).  

A)  

 

B)  

 

C)  
 

 

D)  

 
 

       

E)  

 

F)  

 

G)  
 

 

H)  

 
Figure 3.2. Purification of recombinant proteins used in the SPR analyses. SDS-PAGE 
analyses (on a 12% polyacrylamide gel) of recombinant proteins purified on Ni-NTA agarose, 
dialysed, centrifuged and subsequently used in SPR analyses. A) PGR1; B) GRP; C) Fer; D) 
CaS; E) Cat2; F) RCA; G) RLP; H) PNP (AtPNP-A). L – PageRuler Prestained Protein 
Ladder (Thermo Fisher Scientific, USA).  
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A) 

 

MSYYHHHHHHLESTSLYKKAGSEFALMMASSSLSPATQLGSSRSALMAMSSGLFVKPTKMNHQMV
RKEKIGLRISCQASSIPADRVPDMEKRKTLNLLLLGALSLPTGYMLVPYATFFVPPGTGGGGGGT
PAKDALGNDVVAAEWLKTHGPGDRTLTQGLKGDPTYLVVENDKTLATYGINAVCTHLGCVVPWNK
AENKFLCPCHGSQYNAQGRVVRGPAPLSLALAHADIDEAGKVLFVPWVETDFRTGDAPWWS 

B) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMMPYYTRDDNDVDDFDEFDPTPYSGGYDITVIYGRPIPP
SDETCYPLSSGVDDDFEYERPEFTQIHEPSAYGDEALNTEYSSYSRPKPRPAFRPDSGGGGHVQG
ERPNPGYGSESGYGRKPESEYGSGYGGQTEVEYGRRPEQSYGSGYGGRTETESEYGSGGGGRTEV
EYGRRPESGLGSGYGGRSESEYERKPSYGRSEEQEEGYRKPSYGRSEEQEEGYRKPSYGRSEEQE
EGYRKPSYGRSEEEQEEGYRKPSYGRSEEQEEGSYRKPSYGRSDDQVESYIKPSYGRSEEQEEGS
YRKPSYGRSEEQEEGSYRKQPSYGRGNDDDDDEQRRNRSGSGDDEEGSYGRKKYGGNDSDEDEEK
KKHRHKHHHQKRRDEDDE 

C) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMATYKVKFITPEGELEVECDDDVYVLDAAEEAGIDLPYS
CRAGSCSSCAGKVVSGSVDQSDQSFLDDEQIGEGFVLTCAAYPTSDVTIETHKEEDIV 

D) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMVSLPTSTSISLLSLFASPPHEAKAAVSIPKDQIVSSLT
EVEKTINQVQETGSSVFDATQRVFQVVGDALKPALDTALPIAKQAGEEAMKLASPAFSEASKKAQ
EAMQSSGFDSEPVFNAAKTVTDVAQQTSKAIEDAKPIASSTMDTISSADPSVIVVAAGAAFLAYL
LLPPVFSAISFNFRGYKGDLTPAQTLDLLCTKNYLMVDIRSEKDKEKAGIPRLPSNAKNRVISIP
LEELPNKVKGIVRNSKRVEAEIAALKISYLKKINKGSNIIILDSYTDSAKIVAKTLKVLGYKNCY
IVTDGFSGGRGWLQSRLGTDSYNFSFAQVLSPSRIIPAASRSFGTRSGTKFLPSSD 

E) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMMDPYKYRPASSYNSPFFTTNSGAPVWNNNSSMTVGPRG
PILLEDYHLVEKLANFDRERIPERVVHARGASAKGFFEVTHDISNLTCADFLRAPGVQTPVIVRF
STVIHERGSPETLRDPRGFAVKFYTREGNFDLVGNNFPVFFIRDGMKFPDMVHALKPNPKSHIQE
NWRILDFFSHHPESLNMFTFLFDDIGIPQDYRHMDGSGVNTYMLINKAGKAHYVKFHWKPTCGVK
SLLEEDAIRVGGTNHSHATQDLYDSIAAGNYPEWKLFIQIIDPADEDKFDFDPLDVTKTWPEDIL
PLQPVGRMVLNKNIDNFFAENEQLAFCPAIIVPGIHYSDDKLLQTRVFSYADTQRHRLGPNYLQL
PVNAPKCAHHNNHHEGFMNFMHRDEEVNYFPSRYDQVRHAEKYPTPPAVCSGKRERCIIEKENNF
KEPGERYRTFTPERQERFIQRWIDALSDPRITHEIRSIWISYWSQADKSLGQKLASRLNVRPSI 

F) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMMAAAVSTVGAINRAPLSLNGSGSGAVSAPASTFLGKKV
VTVSRFAQSNKKSNGSFKVLAVKEDKQTDGDRWRGLAYDTSDDQQDITRGKGMVDSVFQAPMGTG
THHAVLSSYEYVSQGLRQYNLDNMMDGFYIAPAFMDKLVVHITKNFLTLPNIKVPLILGIWGGKG
QGKSFQCELVMAKMGINPIMMSAGELESGNAGEPAKLIRQRYREAADLIKKGKMCCLFINDLDAG
AGRMGGTTQYTVNNQMVNATLMNIADNPTNVQLPGMYNKEENARVPIICTGNDFSTLYAPLIRDG
RMEKFYWAPTREDRIGVCKGIFRTDKIKDEDIVTLVDQFPGQSIDFFGALRARVYDDEVRKFVES
LGVEKIGKRLVNSREGPPVFEQPEMTYEKLMEYGNMLVMEQENVKRVQLAETYLSQAALGDANAD
AIGRGTFYGKGAQQVNLPVPEGCTDPVAENFDPTARSDDGTCVYNF 

G) 
 

MSYYHHHHHHLESTSLYKKAGSEFALMATCDPDDEAGLLGFKSGITKDPSGILSSWKKGTDCCFW
SGVFCVNNDRVTQLSVDGDFSLDGNSPSGTISPMLAKLQHLERILLTSLRKITGPFPQFIFRLPK
LNYINIQGCLLSGPLPANIGELSQLKTLVIDGNMFTGHIPSSIANLTRLTWLNLGNNRLSGTIPN
IFKSMKELNSLDLSRNGFFGRLPPSIASLAPTLYYLDLSQNNLSGTIPNYLSRFEALSTLVLSKN
KYSGVVPMSFTNLINITNLDLSHNLLTGPFPVLKSINGIESLDLSYNKFHLKTIPKWMISSPSIY
SLKLAKCGLKISLDDWKLAGTYYYDSIDLSENEISGSPAKFLSQMKYLMEFRAAGNKLRFDLGKL
TFVRTLETLDLSRNLIFGRVLATFAGLKTMNVSQNHLCGKLPVTKFPASXFAGNDCLCGSPLSPC
KV 

Figure 3.3. Aa sequences of the recombinant candidate interactants of AtPNP-A used in 
the SPR analyses. A) PGR1; B) GRP; C) Fer; D) CaS; E) Cat2; F) RCA; G) RLP. Location 
of the His-tag (in blue) with the additional aas encoded by pDEST-17 vector (in grey) and the 
transit peptide (where preserved, in purple) are indicated. The tryptic peptides detected in MS 
analyses with at least 95% confidence are underlined.  



 144 
At this stage, the content of proteins in the preparations was quantified. Upon staining 

the gels with Coomassie Brilliant Blue and subsequent de-staining, the bands 

visualised in SDS-PAGE that corresponded to the expected MW of the purified 

recombinants (Figure 3.2) were excised and subjected to the in-gel tryptic digestion in 

preparation to the MS identification of the purified and dialysed recombinant proteins. 

Aa sequences of all purified recombinant proteins were verified with several tryptic 

peptides identified by MS with the confidence of at least 95%, assuring 

the identity of the purified proteins (Figure 3.3).  

3.3.4. Characterization of the peptide-protein interactions using SPR 

Binding events between each interactant of AtPNP-A and the biologically active  

N- or C-terminally biotinylated AtPNP-A peptide have been investigated on the CAP 

sensor chip using Biotin CAPture kit. The active and reference sensor surfaces were 

modified with Biotin CAPture Reagent enabling reversible non-covalent 

immobilization of the biologically active N- or C-terminally biotinylated AtPNP-A on 

the active surface of the sensor chip via the biotin tag.  

In the first series of experiments, the reference surface was modified only with the 

Biotin CAPture reagent followed by the injection of running buffer in the absence of 

peptide. The N-terminally biotinylated peptide, injected through the active flow cell at 

the working concentration of 1 µM, was used as a ligand immobilized on the active 

surface. A sample sensorgram that shows the binding of the purified recombinant 

GRP protein (used as the analyte) to the active and reference surface of the sensor 

chip is shown in Figure 3.4 A. The real is the response obtained upon subtraction of 

the binding response measured on the reference surface from the binding response of 

the active surface and is given as represented in as adjusted sensorgram (Figure 3.4 A, 
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B). High level of ligand immobilization enabled identification of one specific 

interaction of the biologically active AtPNP-A peptide with only one interactant, 

GRP. 

A)  

 
 

B)  

                     
 

Figure 3.4. SPR analysis of the biologically active N-terminally biotinylated AtPNP-A 
peptide (ligand) and the purified recombinant GRP protein (analyte) performed on the 
CAP sensor chip.A) The binding response measured on the active surface (flow cell 4) 
containing immobilized N-terminally biotinylated AtPNP-A peptide and on the reference 
surface (flow cell 3) that does not contain the ligand. B) Adjusted sensorgram showing 
referenced binding response obtained upon subtraction of the response measured on the 
reference surface (flow cell 3) from the response measured on the active surface (flow cell 4). 

Examples of an analogous experiment, where the C-terminally biotinylated AtPNP-A 

peptide was used as the ligand are given in Figures 3.5 C and D. Neither GRP nor any 

other investigated candidate interactant of AtPNP-A bound specifically to the 

immobilized C-terminally biotinylated peptide. Therefore no further experiments 
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were conducted with this peptide, but only with the N-terminally biotinylated 

AtPNP-A peptide. 

A)  

 
 

B)  

                 
 

Figure 3.5. SPR analysis of the biologically active C-terminally biotinylated AtPNP-A 
peptide (ligand) and the purified recombinant GRP protein (analyte) performed on the 
CAP sensor chip. A) The binding response measured on the active surface (flow cell 4) 
containing immobilized N-terminally biotinylated AtPNP-A peptide and on the reference 
surface (flow cell 3) that does not carry the ligand. B) Adjusted sensorgram showing 
referenced binding response obtained upon subtraction of the response measured on the 
reference surface (flow cell 3) from the response measured on the active surface (flow cell 4).  

Interactions between the recombinant binding partners of AtPNP-A and the bioactive 

N-terminally biotinylated AtPNP-A peptide were studied further with lower amount 

of the ligand immobilized on the active surface, aiming for the Rmax of approximately 

500 RU upon the analyte binding, and with the same amount of the N-terminally 
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biotinylated scrambled peptide immobilized on the reference surface of the sensor 

chip. This enabled differentiation of the specific binding between the recombinant 

proteins and the peptide from the interactions occurring due to attraction of the 

recombinants to the net charge of the peptide. With the exception of Fer, all 

investigated binding partners of AtPNP-A bound specifically to the N-terminally 

biotinylated bioactive AtPNP-A peptide immobilized on the active surface of the CAP 

sensor chip, giving a positive response in the adjusted sensorgram after subtraction of 

the binding to the scrambled peptide immobilized on the reference sensor surface.  

 

Figure 3.6. Results of the SPR analysis of the binding occurring between the biologically 
active N-terminally biotinylated AtPNP-A peptide (ligand) and the purified RLP 
recombinant (analyte) performed on the CAP sensor chip. Adjusted sensorgram of the 
referenced binding response obtained upon subtraction of the response measured on the 
reference surface (flow cell 3) from the response measured on the active surface (flow cell 4).  

An example of the interaction between one of the purified recombinant interactants of 

AtPNP-A, RLP (used as the analyte), with the N-terminally biotinylated AtPNP-A 

peptide and N-terminally biotinylated scrambled peptide immobilized on the active 

and the reference sensor surface, respectively, is given in Figure 3.6. 



 148 
To increase the confidence in specificity of the interactions between each of the 

purified recombinant binding partners of AtPNP-A with the AtPNP-A peptide, the 

analyses were subsequently performed in an inverted ligand-analyte configuration on 

a sensor chip of different type. Active and reference surfaces of the NTA sensor chip, 

which allows for reversible capture of His-tagged proteins, were prepared according 

to the manufacturer instructions by saturating the active surface with solution 

containing Ni. This step was followed by washing off the non-chelated Ni2+ with 

running buffer containing EDTA while the reference surface was not modified with 

the Ni solution but was washed with the running buffer containing EDTA. In each 

analysis cycle a purified recombinant interactant of AtPNP-A was used as a ligand 

and was injected through both flow cells that contained the active and the reference 

surface, and resulted in its immobilization predominantly on the active surface of the 

NTA sensor chip. The biologically active AtPNP-A peptide or the corresponding 

scrambled peptide was used as an analyte. A series of control cycles performed prior 

to the binding analyses revealed insignificant binding of the analytes to the Ni2+. 

Referenced binding responses of several candidate interactants of AtPNP-A, namely 

PGR1, RCA, and Cat2, with the bioactive AtPNP-A peptide and the scrambled 

peptide are shown in Figure 3.7 A and B, respectively. 
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A) 

 

        
B)  

           
 

Figure 3.7. SPR analyses of the AtPNP-A interactants immobilized on NTA sensor chip 
with 1 µM biologically active AtPNP-A peptide (A) or with 1 µM scrambled peptide (B) 
used as analytes. The ligands (PGR1, RCA, and Cat2) have been immobilized in the amount 
sufficient for the Rmax of approximately 500 RU upon binding of the analyte. The 
sensorgrams show referenced binding response obtained upon subtraction of the binding 
response measured on the reference surface from the binding response measured on the active 
surface for each of the investigated analytes. The conditions of the analyses cycles were kept 
constant.  

With the exception of Fer, the proteins investigated here showed specific binding to 

the biologically active AtPNP-A peptide in both configurations and low attraction to 



 150 
the scrambled peptide and the untreated surface of the sensor chips. This is indicative 

the specific interaction between the hormone and the investigated binding partners. 

3.3.5. Characterization of protein-protein interactions using SPR 

The analyses of protein-protein interactions were performed on the NTA sensor chip 

in both ligand-analyte configurations. The adjusted sensorgrams show the binding of 

the purified recombinant AtPNP-A protein (used as an analyte) with the candidate 

interactants immobilized on the active surface of the sensor chip (Figure 3.8 A). The 

referenced responses obtained from analyses performed in the inverse ligand-analyte 

configuration (i.e. purified recombinant AtPNP-A used as a ligand and its interactants 

used as analytes) are shown in Figure 3.8 B. Although all recombinant proteins 

showed binding to the AtPNP-A protein in both configurations, the results are not 

sufficient to conclude that the observed binding events were specific as all proteins 

contain the His-tag revealing affinity to the Ni-NTA. Presence of the tag in both 

binding partners could have given rise to false positive responses. Consequently, it 

was desirable to conduct the analyses using another type of ligand immobilization. 
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A)  

 
 

B)  

 
 

Figure 3.8. Adjusted sensorgrams obtained from SPR analyses of the purified 
recombinant proteins performed on NTA sensor chip. A) Interactants of AtPNP-A (here: 
PGR1, RCA, RLP) were immobilized and used as ligands, while the purified recombinant 
AtPNP-A protein was used as an analyte; B) The purified AtPNP-A recombinant was 
immobilized and used as a ligand, while candidate interactants of AtPNP-A (here: PGR1, 
CaS, GRP) were used as analytes.  

For that reason binding events between each pair of binary interactants have been 

subsequently investigated on the CM5 chip, with one of the interacting partners being 

covalently immobilized using amine coupling chemistry on the active surface of the 
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sensor chip in the absence of protein on the reference surface. However, to ensure that 

the surface of the reference flow cell resembles the surface of the active flow cell, the 

reference surface was also subjected to the amine coupling and the running buffer 

rather than the ligand was injected through the reference flow cell. The referenced 

binding response of several purified interactants of AtPNP-A (used as analytes) with 

the recombinant AtPNP-A (used as a ligand), immobilized at the amount that allows 

for obtaining the Rmax of 500 RU upon binding of the analyte, is shown in Figure 3.9. 

Again, with the exception of Fer, all purified recombinant interactants showed 

specific binding to the recombinant AtPNP-A immobilized on the CM5 chip. 

 
 

Figure 3.9. Results of the SPR analyses involving the purified recombinant AtPNP-A 
used as a ligand immobilized on the active surface of CM5 sensor chip using  
amine-coupling chemistry with several purified candidate interactants used as analytes. 
Sensorgrams shows overlayed referenced binding response of purified recombinant AtPNP-A 
with: PGR1, RCA, Cat2, and RLP. Conditions of each run were kept constant.  

 To further increase the confidence in the specific interaction between the purified 

recombinant proteins, the analyses were subsequently performed in an inverted 

ligand-analyte configuration. Binding response of the purified recombinant AtPNP-A 

protein, used as an analyte, with each of its interactants on the CM5 sensor chip was 
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measured. As noted previously, in analogy to the active surface, the reference surface 

was also subjected to the amine coupling process, but instead of the ligand, the 

running buffer was injected through the reference flow cell. Again, AtPNP-A protein 

bound specifically to all investigated interactants, with the exception of Fer. 

Referenced binding of several candidate interactants of AtPNP-A with the 

recombinant AtPNP-A protein is shown in Figure 3.10.  

In summary, with the exception of Fer, all investigated proteins showed specific 

binding with the purified AtPNP-A recombinant and its active site in both 

configurations on different sensor chips (Table 3.11). Fer has not shown specific 

binding to either AtPNP-A recombinant or the peptide containing its active site even 

when conditions of the analyses were modified. Similarly, exclusion of the P20 

surfactant from the running buffer or increasing the concentration of Fer used in the 

analyses did not reveal a specific interaction between Fer and either AtPNP-A or the 

N-terminally biotinylated AtPNP-A peptide (data not shown).  
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A)  

 
B)  

 
C)  

 
D)  

 
Figure 3.10. SPR analyses of several AtPNP-A interactants immobilized on CM5 sensor 
chip using amine-coupling chemistry, with purified recombinant AtPNP-A protein used 
as an analyte. A) PGR1, B) RCA, C) Cat2, D) RLP used as ligands.  
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Table 3.11. Summary of the methods used for identification of several interactants of 
AtPNP-A and the results from in vitro verification of their binding with AtPNP using 
SPR technology. 

 

Candidate interactant of AtPNP-A 
 

 

Methods of identification 
 

Verification 
 

Protein 
 

 

AGI 
 

 

Y2H 
 

 

AC 
 

 

Co-IP 
 

 

CL 
 

 

SPR 
 

 

PGR1 
 

At4g03280.1 
 

Yes 
 

Yes 
 

No 
 

Yes 
 

Yes 
GRP At5g39570.1 Yes Yes No No Yes 
Fer At1g60950.1 Yes No No No No 
CaS At5g23060.1 No Yes No Yes Yes 
Cat2 At4g35090.1 Yes No No Yes Yes 
RCA At2g39730.1 Yes Yes Yes No Yes 
RLP At1g33612.1 No Yes No No Yes 
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3.4. DISCUSSION 

Identification of AtPNP-A interactans using four partially complementary methods 

allowed pinpointing several highly promising candidate binding partners of AtPNP-A 

(Table 2.12). Since the biological relevance of a PPI is conferred by the specificity of 

interactant recognition, dissecting this feature of each protein-protein or 

peptide-protein interaction is critical to ascertain that two biomolecules can associate.  

To verify the specificity of the binding events involving purified AtPNP-A 

recombinant or its active site with purified interactants of the hormone, the SPR 

spectroscopy has been used. The SPR has been established as a powerful method to 

obtain information on biophysical properties of peptide-protein (Spiga et al., 2002) 

and protein-protein binding (Ruiz-Argüello et al., 2008) including membrane 

protein-ligand interactions (Patching, 2014), and is considered a gold standard 

technique to demonstrate that two purified proteins are able to physically associate.  

SPR is an optical phenomenon that occurs at metallic surfaces and exploits generation 

of a short distance (within ~300 nm) electromagnetic field, also called evanescent 

wave, under certain conditions at a surface-solution interface. The concept of surface 

plasmons originates from the plasma approach of Maxwell’s theory - the free 

electrons of a metal are treated as an electron liquid of high density (plasma), and 

density fluctuations occurring on the surface of such a liquid are called surface 

plasmons (Raether, 1988). The excitation of the plasmons is based on total internal 

reflection when an incident beam of polarized light strikes an electrically conducting 

layer (e.g. gold layer) at the interface of a medium (e.g. glass sensor) with high 

refractive index (RI) and an external medium (e.g. aqueous solution) with low RI. The 

angle at which the resonance occurs is very sensitive to changes in the RI of the 

medium adjacent to the metal surface. These changes may result for instance from 



 157 
interactions occurring at the surface and can be monitored by recording intensity of 

reflected light when the system goes out of resonance, enabling precise measurements 

of surface interactions in real time.  

The BIAcore instrument used in the experiments couples a computer-driven 

miniaturized fluid delivery system to an SPR device. The BIAcore system (Figure 

3.11 A) consists of an SPR detector, light source (a light-emitting diode, 

λ = ~ 800 nm), flow channel and a sensor chip (Figure 3.11 A). The instrument uses 

an optical method to measure the RI near (within ~300 nm) a sensor surface, which 

forms the floor of a small (60 nL) flow cell through which an aqueous solution 

(running buffer) passes under continuous flow (1-100 µL min-1). In order to detect a 

binary interaction, one interacting partner (the ligand) is immobilized onto the sensor 

surface, while its interactant (the analyte) is injected in sample buffer through the 

flow cell under continuous flow. As the analyte binds to the ligand, the accumulation 

of the protein on the surface results in an increase in the RI, which can be measured in 

real time (Figure 3.11 A). The changes in RI correlate linearly with the change in 

resonance angle and therefore with the amount of bound protein, read as RUs (1 RU 

is equal to a critical angle shift of 10-4 degree and represents the binding of 

approximately 1 pg mm-2 at the sensor surface). The output (sensorgram) is plotted as 

response in RU versus time  (Fig. 3.11 B). Since in the BIAcore T-100 instrument 

used for the analyses the measurements are acquired with the frequency of 10 Hz, 

measurements of transient interactions are feasible. 
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A)  
 

 
B)  
 

 
Figure 3.11. A typical set-up of SPR (A) and a binding cycle observed with the optical 
biosensor (B). A) The technology detects changes in the RI in the immediate vicinity of the 
surface layer of a sensor chip. SPR is observed as a sharp shadow of the reflected light from 
the surface at an angle that is dependent on the mass of material at the surface. The SPR angle 
shifts when biomolecules bind to the surface and change the mass of the surface layer. This 
change in resonant angle can be monitored non-invasively in real time as a plot of resonance 
signal (proportional to mass change) versus time. B) Upon immobilization of the ligand, at 
t = 0 s buffer is contacted with the ligand through a microfluidic flow cell. At t = 100 s, a 
solution of analyte in the running buffer is passed over the ligand. As the analyte binds to the 
surface, the RI of the medium adjacent to the sensor surface increases, which leads to an 
increase in the resonance signal. The response level at equilibrium, where by definition the 
amount of analyte that is associating and dissociating with the ligand is equal, is related to the 
concentration of the active analyte in the sample. At t = 320 s, the analyte solution is replaced 
by the running buffer, and the ligand-analyte complex is allowed to dissociate. Many 
complexes in biology have considerable half-lives, so a pulse of a regeneration solution is 
used at t = 420 s (Cooper, 2002).  
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The BIAcore sensor chip, on which the actual reaction takes place, is a glass slide 

coated with a thin (50 nm) layer of gold, required for generation of SPR response. The 

chip is covered with covalently attached hydrophobic alkanethiol that prevents protein 

adsorption to the gold, and finally modified with a 100-200 nm thick matrix of 

dextran. The layer of dextran matrix allows covalent immobilization of biomolecules 

using well-characterized chemistry, provides a hydrophilic environment suitable for a 

wide variety of protein interactions, and enables high levels of ligand immobilization. 

Various surface chemistries are available for ligand immobilization, including 

covalent attachment (e.g. using amine coupling or thiol coupling) or non-covalent 

ligand capturing (e.g. by capturing of biotin tag in biotinylated ligands by streptavidin 

or Biotin CAPture reagent, capturing of His tag in His-tagged ligands by Ni-NTA or 

anti-His antibody), depending on the features of the ligand used. 

Since the amine coupling chemistry (Figure 3.12) to the carboxymethyl dextran of 

CM5 sensor chip is the first choice for general-purpose applications where the ligand 

is immobilized by standard covalent techniques, it has been utilised for non-reversible 

immobilization of recombinant proteins in PPI analyses undertaken. However, the 

amine coupling may involve chemical modification near or at the binding site of the 

ligand, which could result in loss of its capability to bind the analyte. Since the 

covalent ligand immobilization is irreversible (Figure 3.11 B), the surface 

regeneration step following each binding cycle may be limited by the stability of the 

ligand and often results in either incomplete analyte dissociation from the ligand 

and/or affected characteristics of the binding between the interactants. To overcome 

these potential problems, analyses using non-covalent ligand immobilization by 

capturing approaches on the CAP and the NTA sensor chips were performed in case 

of both peptide-protein and protein-protein binding analyses. 
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Figure 3.12. Sensorgram from a typical amine coupling cycle illustrating the amount of 
ligand immobilized. Activation of the carboxymethyl dextran with the mixture of 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) gives 
reactive succinimide esters that react spontaneously with primary amine groups or other 
nucleophilic groups to link the injected ligand covalently to the dextran matrix. Subsequent 
injection of ethanolamine removes non-covalently bound ligand and deactivates the excess 
reactive groups (modified after (Ishii, Eguchi, & Utsumi, 2013)).  

Apart from being suited for ligands that are easily inactivated by chemical coupling 

methods, capturing approaches also provide a micro-scale affinity purification of the 

ligand, enable homogeneous attachment of the ligand in a specific orientation, and 

allow the same surface to be used for analyses of interactions involving different 

ligands. In contrast to the CM5 sensor chip which is regenerated by selective 

dissociation of the analyte from the covalently immobilized ligand under 

experimentally optimised conditions that ideally enable complete dissociation of the 

analyte without affecting the binding characteristics of the ligand, regeneration of 

sensor chips used in the study for the purpose of non-covalent ligand capturing leads 

to complete dissociation of both the analyte and the ligand, so that a fresh ligand is 

captured for each binding cycle, ensuring the full binding ability of the ligand in each 

analysis (Figure 3.13). 
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A) 
 

 

 
 
 

B) 
 

 

 
Figure 3.13. Schematic representation of the surfaces of the CAP (A) and the NTA (B) 
sensor chips. A) The surface of the CAP sensor chip carries deoxyribo-oligonucleotides, to 
which Biotin CAPture Reagent (a modified streptavidin) hybridizes enabling capturing of the 
biotinylated ligand, to which the analyte binds (modified after Laboratory Guidline  
28-9615-80 AB; GE Healthcare Life Sciences, UK). B) The surface of the NTA sensor chip 
carries NTA saturated with Ni2+, His-tagged ligand chelated to Ni2+, and the analyte binding 
to the His-tagged ligand (modified after Laboratory Guidline 29-0057-17 AB; GE Healthcare 
Life Sciences, UK). The arrows indicate where the regeneration acts on the chip surface.  

The most important advantages of SPR over other techniques used for studying 

protein interactions are: direct and rapid determination of association and dissociation 

in real time, no need for labelling of proteins, relatively low amounts of proteins used 

in the assay, monitoring of interactions of milli- to picomolar affinities (Besenicar, 

Macek, Lakey, & Anderluh, 2006), and its potential to be medium-throughput 

(Patching, 2014). However, potential limitations of the technique include: the 

possibility of inactivation of the ligand during its immobilization, the measured 

parameters characterizing the interaction studied close to the surface may not reflect 

those in solution, and finally - binding of the impurities present in the analyte sample 

as well as binding of the analyte to the surface per se in the absence of immobilized 

protein (Berggård, Linse, & James, 2007). Owing to these reasons, the analyses were 

conducted with the use of purified recombinant proteins and highly pure peptides, in 

both ligand-analyte configurations for each pair of interactants investigated, using few 

types of sensor chips allowing for covalent or non-covalent ligand immobilization, 
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with reference surfaces carefully matched to the active surfaces, aiming to ascertain 

that the studied interactions are specific rather than focusing on quantitative analyses. 

To this end, the genes encoding the proteins identified with high confidence as 

interactants of AtPNP-A (Table 2.12) were cloned into pCR8/GW TOPO entry and 

pDEST17 destination vectors (Figure 3.1), and the proper DNA sequence of the 

products confirmed by sequencing. To expedite the optimization of expression of 

these proteins, three strains of E. coli BL21 cells (DE3, pLysS, and AI) were 

transfected in parallel with plasmids carrying the inserts encoding each protein of 

interest. Upon selection of the strains that gave the highest yield and after 

optimization of conditions for expression of each protein, large-scale protein 

expression was conducted in the strain that yielded the greatest amount of each 

protein (Table 3.10). Subsequently, optimization of the proper conditions of protein 

purification was performed. Since the yield of the protein purification under 

denaturing conditions was much greater than purification under native conditions, the 

denaturing conditions were chosen for the large-scale protein purification. The 

composition and pH and of the buffers used in the refolding and elution of each 

protein have been optimized (Table 3.10) to prevent formation of aggregates resulting 

in lower concentrations and/or decreased activity of the refolded proteins preparations 

(Table 3.10). Finally, the purified proteins in their native conformations were 

extensively dialysed into the HBS-P+ buffer (pH 7.4) that has been selected as the 

running buffer for SPR experiments as it contains non-ionic surfactant P20 that 

prevents non-specific adhesion and provides stringent conditions of protein-protein 

and peptide-protein interaction analyses. Moreover, this polyoxyethylene detergent is 

frequently used to for solubilisation of membrane proteins as it rarely interferes with 

enzymatic assays (Neugebauer, 1990). Therefore, addition of this relatively mild 
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detergent may stabilize the conformation of some of the purified proteins, most of 

which (PGR1, Fer, CaS, RCA, and RLP) are annotated as membrane proteins. The 

dialysed proteins were subsequently subjected to a high-speed centrifugation allowing 

for removal of protein aggregates, which may have formed during the purification or 

buffer exchange and which could clog the integrated fluidics of the SPR instrument. 

The proteins in the supernatants were quantified and their purity assessed by 

SDS-PAGE (Figure 3.2). The gel bands corresponding to the predicted MW of eight 

purified proteins (Table 3.10) were excised from the gel and subjected to in-gel 

trypsin digestion followed by MS analyses. Upon identification of the peptides 

corresponding to the aa sequences of the proteins (Figure 3.3), the proteins were used 

to optimise the conditions of the SPR analyses conducted at 20°C in both 

ligand-analyte configurations on different sensor chips and ligand immobilization 

chemistries. At least three independent protein purification experiments (biological 

replicates) were performed to enable performing the SPR experiments at least thrice 

and to provide the quantity of protein sufficient for at least three binding assays 

(technical replicates) per each ligand-analyte configuration. 

In order to eliminate non-specific binding or electrostatic attraction to the dextran 

surface, HBS-P+ buffer has been used in the assays. Since any differences in the 

refractive indices, including different buffers and protein solutions are known to 

generate a signal (background response), which must be subtracted from the total 

response to obtain the actual binding response, sample buffers used were carefully 

matched to the running buffer via extensive dialysis into the running buffer. 

Moreover, non-specific binding (e.g. between an inactive analyte and the ligand or 

between the analyte and sites of the sensor surface not saturated with the ligand) also 

needs to be subtracted to measure the specific binding response. Therefore, the 
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sample was simultaneously injected through an active flow cell (which surface carries 

a bioactive ligand) and a reference flow cell of a sensor chip. The latter acts as a 

control as its surface is prepared in analogous way to the active surface, but it either 

has no ligand immobilized (e.g. in case of the analyses performed on the CM5 or the 

NTA sensor chips) or it carries an irrelevant ligand (e.g. inactive protein or a 

scrambled peptide, as in case of the analyses performed on the CAP sensor chip). 

Hence, the true specific binding is the difference in responses between the query and 

control flow cells. 

The peptide-protein interactions were investigated in both ligand-analyte 

configurations using reversible ligand immobilization via capturing on the CAP and 

the NTA sensor chips. For non-covalent immobilization of highly pure synthetic 

peptides, with the purified recombinant interactants of AtPNP-A used as analytes, the 

CAP sensor chip, in which the orientation of the biotinylated ligands can be 

controlled, with the Biotin CAPture kit was used (Figure 3.13 A). In the first series of 

analyses performed on this sensor chip, where the biologically active N-terminally 

biotinylated AtPNP-A peptide was immobilized at high level on the active surface, 

while the reference surface was modified with Biotin CAPture Reagent followed by 

injection of the running buffer and did not carry any ligand, only GRP showed 

specific binding to the peptide (Figure 3.5). In the second series of analyses 

performed on the same sensor chip, the biologically active C-terminally biotinylated 

AtPNP-A peptide was immobilized at high level on the active surface, while the 

reference surface was modified with Biotin CAPture Reagent followed by injection of 

the running buffer and did not carry any ligand. As a result, none of the investigated 

proteins showed specific binding to the peptide (Figure 3.6). The reason for lack of 

specific interactions observed in case of vast majority of proteins under study in both 
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series of experiments could be a decreased capacity of the ligands to bind the analytes 

resulting from too high amount of the ligands immobilized on the surface and/or high 

level of analyte binding to the reference surface. Therefore, in the third series of 

experiments the level of immobilized ligand as well as the preparation of the 

reference surface was modified. In these binding analyses (and further SPR 

experiments) the amount of ligand immobilization was aimed at the Rmax of 500 RU 

upon binding of the analyte, bearing in mind that measured surface activity is 

typically 20-80% of the theoretical maximum response (Frostell, Vinterback, & 

Sjobom, 2003). The RLigand was calculated from the equation:  

Rmax = RLigand × n × MWAnalyte / MWLigand 

where: Rmax is a maximum theoretical response of the analyte for a given ligand level, 

RLigand is an amount of ligand immobilized, MWAnalyte is the MW of the analyte, 

MWLigand is the MW of the ligand, and n is the stoichiometry of the reaction. All 

calculations were made assuming 1:1 binding stoichiometry and that the peptides (or 

proteins) are 100% active. 

Decreasing the ligand density can prevent from artefacts associated with the mass 

transport limitations and re-binding that may significantly affect the analysis. The 

former occurs when the rate at which the analyte binds the surface exceed the rate at 

which the analyte can be delivered to the surface, while the latter takes place when 

following dissociation from the ligand the analyte re-binds to the un-occupied ligand 

before diffusing out of the matrix and being washed from the flow cell. Moreover, in 

the third series of analyses performed on the CAP sensor chip, the reference surface 

of the sensor chip was modified by immobilization of the N-terminally biotinylated 

scrambled peptide at the amount sufficient to reach the Rmax of 500 RU upon binding 

of the analyte, in analogy to the preparation of the active chip surface. This allowed to 
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differentiate between the specific binding of the recombinant proteins to the peptide 

and interactions occurring due to unspecific attraction of the recombinants due to the 

net charge of the peptide. All proteins, with the exception of Fer, showed specific 

binding to the N-terminally biotinylated peptide ligand immobilized on the active 

surface of the CAP sensor chip (Figure 3.7).  

In order to verify specificity of the interactions, binding analyses involving the 

opposite ligand-analyte configuration were performed on the NTA sensor chip 

(Figure 3.13 B), in which the orientation of the His-tagged ligand immobilized on the 

active surface can be controlled and the ligand can be reversibly captured under 

physiological conditions. Again, amount of the immobilized recombinant proteins 

was calculated to give the Rmax of 500 RU upon binding of the analyte. Prior to 

performing the analyses employing immobilization of the ligands, the biologically 

active N-biotinylated AtPNP-A peptide and corresponding N-terminally biotinylated 

scrambled peptide (analyte), underwent control cycles to check whether they bind to 

Ni2+. Since the extent of unspecific binding to Ni2+ or the surface of the reference 

flow cell was insignificant, the observed binding of the biologically active AtPNP-A 

peptide to the immobilized recombinants can be considered specific (Figure 3.7 A). 

Moreover, binding of the biologically active analyte with the ligands was much more 

significant that the binding of the scrambled peptide (Figure 3.7 B) and this excludes 

the possibility that the attraction is driven by the net charge of the peptide and 

confirms the specificity of the observed binding events. In summary, the results 

obtained from analyses performed on CAP and NTA sensor chips identified PGR1, 

GRP, CaS, Cat2, RCA, and RLP recombinant proteins as specific interactants of the 

biologically active N-terminally biotinylated AtPNP-A peptide in both ligand-analyte 

configurations. 
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The protein-protein interactions were also investigated in both ligand-analyte 

configurations, but using the reversible ligand capturing on the NTA sensor chip and 

the irreversible ligand immobilization via amine coupling on the CM5 sensor chips. 

Although the first immobilization approach enabled detection of the interaction 

involving each of the investigated recombinantants and the recombinant AtPNP-A 

protein in both configurations (Figure 3.8), the results are not sufficient to conclude 

that the observed binding events were specific as all proteins contain the His tag 

showing affinity to the Ni-NTA. Presence of the tag not only in the ligand but also in 

the analyte molecules could cause the binding to the Ni2+ ions unoccupied by the 

ligand, leading to false positive results. Therefore it was necessary to conduct the 

analyses using another type of sensor chip and/or ligand immobilization, and the 

irreversible immobilization of a ligand on the active surface of the CM5 sensor chip 

via amine coupling was used. The reference surface has been modified in the same 

way as the active surface, with the exception of the ligand injection into the reference 

flow cell. Results of the analyses performed in both ligand-analyte configurations on 

the CM5 sensor chips (Figures 3.9 and 3.10) revealed specific interactions occurring 

between the purified AtPNP-A recombinant and PGR1, GRP, CaS, Cat2, RCA, and 

RLP, whereas Fer protein did not bind AtPNP-A protein specifically. These results 

therefore confirm the conclusion from the peptide-protein analyses performed in both 

ligand-analyte configurations using capturing approaches with the scrambled peptide 

used as a negative control. The observation that Fer did not bind to the recombinant 

AtPNP-A or the active site of the protein in vitro in either affinity-based PPI 

large-scale experiments or SPR is of course not a proof that the interaction does not 

occur in vivo (Table 3.11). However, the fact that the recombinant proteins that 

specifically bind AtPNP-A in vitro also show specific binding to the biologically 
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active peptide containing the active site of the protein indicates that the active site of 

AtPNP-A is sufficient for the interaction to occur and that it confers specificity for the 

interactions.  
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CHAPTER 4. BIOLOGICAL TESTING OF THE ATPNP-A INTERACTANTS 

Abstract 

In order to determine biological relevance of the previously identified PPIs of the 

AtPNP-A, a series of functional assays has been performed in vitro or in vivo in the 

WT A. thaliana (Col-0) and mutant plants with the aim to evaluate the physiological 

significance of the binding events involving AtPNP-A and RLP or Cat2. For this 

purpose, homozygous T-DNA insertion lines of RLP and AtPNP-A genes have been 

isolated. The effect exerted by the biologically active AtPNP-A peptide on MCPs 

isolated from the homozygous rlp mutant plants has been investigated. Moreover, the 

sites of the putative GC catalytic centre have been predicted in the aa sequence of the 

RLP protein, and the enzymatic activity of the recombinant RLP protein has been 

identified and characterized in vitro using enzymatic immunoassay (EIA) and by MS 

quantification of cGMP amount generated by the purified recombinant. Furthermore, 

the overall catalase activity and the activity of Cat2 isozyme have been compared in 

the protein extracts obtained from the leaves of the WT and homozygous atpnp-a 

mutant plants. Finally, treatment of suspension-cultured A. thaliana (Col-0) cells with 

the biologically active AtPNP-A peptide enabled identification of ROS as novel 

secondary messengers acting it the AtPNP-A signalling cascade. In summary, the 

results established the biological relevance of interactions between AtPNP-A and 

RLP or Cat2 proteins and afforded new insights into functions of AtPNP-A thereby 

providing a better understanding of the physiological processes modulated by the 

hormone.   
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4.1. INTRODUCTION 

Successful verification of the specificity of studied PPIs often implies that proteins 

bind to each other with a specific functional objective therefore the goal of functional 

interactomics is to unravel the consequence of the protein associations in terms of a 

proper biological activity. Two out of six proteins identified as promising candidate 

interactants of AtPNP-A and successfully verified to specifically associate with the 

protein in in vitro SPR analyses have been subjected to functional assays aimed at 

determining the biological relevance of the interactions. The biological testing of the 

binding partners involved biochemical characterization of the enzymatic activity of 

selected interactants as well as comparison of their activity in the WT A. thaliana 

(Col-0) plants and in the homozygous T-DNA insertion lines isolated for that purpose, 

as well as the responses of the transgenic plant lines to AtPNP-A. 

Given that to-date no receptors for AtPNP-A have been identified, it was tempting to 

speculate that the RLP identified as a candidate interactant of AtPNP-A could either 

act as a receptor for AtPNP-A or function more downstream in the AtPNP-A 

signalling cascade. Therefore the biological testing of the protein has been performed. 

In vivo response of the homozygous rlp mutant plants to AtPNP-A has been compared 

with the response of the WT plants in the net water influx into MCPs assay. Since 

several physiological responses exerted by AtPNP-A are known to be 

cGMP-dependent (Morse, Pironcheva, & Gehring, 2004; Pharmawati, Gehring, & 

Irving, 1998; Pharmawati, Maryani, Nikolakopoulos, Gehring, & Irving, 2001; 

Pharmawati, Billington, & Gehring, 1998; Wang, Gehring, Cahill, & Irving, 2007), 

and the NPR-A and NPR-B receptors for ANP in animals also have GC activity 

(Kuno et al., 1986; Chinkers et al., 1989), the ability of RLP to generate cGMP has 

been tested. The aa sequence of the protein was searched for the putative GC catalytic 
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centre using a relaxed search motif obtained from the alignment of the aa sequences 

of the GCs present in the proteome of A. thaliana (Wong & Gehring, 2013) and the 

GC catalytic centres of known prokaryotic and eukaryotic GCs (Ludidi & Gehring, 

2003). The GC activity of the purified recombinant RLP protein was subsequently 

investigated in vitro using EIA and quantified with MS. 

The second interactant of AtPNP-A, which has been subjected to functional assays, 

was Cat2. The enzymatic activity of the Cat2 isozyme and the overall catalase activity 

were compared in the protein extracts obtained from the WT A. thaliana (Col-0) 

plants and the homozygous atpnp-a knock-down mutant. The results obtained indicate 

that AtPNP-A may play an important function in regulating redox balance of plant 

cells. Moreover, the effect of the treatment of A. thaliana (Col-0) SCC with AtPNP-A 

on the redox state of the cells has been investigated in concentration- and 

time-dependent manner, shedding new light on the novel secondary messengers 

involved in the AtPNP-A signalling. 
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4.2. MATERIALS AND METHODS 

4.2.1. Preparation of A. thaliana plant material 

T-DNA insertion lines of A. thaliana (Col-0) in genes encoding AtPNP-A and RLP 

have been identified by searching SALK Institute Genomic Analysis Laboratory 

website  (http://signal.salk.edu/cgi-bin/tdnaexpress). Stocks of seeds of the T-DNA 

insertion lines were obtained from the European Arabidopsis Stock Centre (uNASC; 

http://arabidopsis.info) in case of SALK_000951 (AtPNP-A mutant plants), while the 

stock of seeds of GABI-KAT-180G04 (RLP mutant plants) was obtained from Dr. 

Sebastian Bartels (University of Basel). Seeds were sterilized, vernalized and grown 

on soil under conditions described previously (see section 2.2.1).  

4.2.2. Genotypic analyses of the T-DNA insertion lines 

4.2.2.1. DNA extraction 

Genomic DNA was extracted from leaf tissue of 2-3 week-old seedlings of T-DNA 

insertion mutant plants and WT plants (control) using a DNeasy plant mini kit 

(Qiagen) according to the manufacturer’s instruction.  

4.2.2.2. Isolation of the homozygous mutant lines by PCR 

PCR screening was undertaken to identify homozygous WT, homozygous mutant or 

heterozygous individual plants from the segregating seed stocks (Østergaard & 

Yanofsky, 2004). Pairs of primers used for determining the presence of the WT genes 

consisted of a For primer and a Rev primer, while pairs of primers used for 

identification of the presence of T-DNA insertion consisted of the mutant 

gene-specific primers. All primers were designed using either the T-DNA primer 
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design tool (http://signal.salk.edu/tdnaprimers.2.htmlor) or the GK primer tool 

(http://www.gabi-kat.de/db/primerdesign.php), and conditions of PCR reactions were 

optimised (Table 4.1). 

Table 4.1. Primers and the PCR conditions. Sequences of the primers are given in 5’ to 3’ 
order. Cycling conditions for the reactions were as followed: 1 min each denaturation, 
annealing, and elongation. Since the rlp mutant carried insertions in two genes, both genes 
were isolated.  

 

Mutant 
name 

 

 

Primers 
 

MgCl2 
[mM] 

 

Ta  
[°C] 

 

atpnp-a 
 

- WT gene specific primers 
For: TTTCCGGATATCCGAAATTTC 
Rev: ATGTGATTTAGGGTCTGCGTG 
- Mutant gene specific primers 
For: ATGTGATTTAGGGTCTGCGTG 
LBb1.3: ATTTGCCGATTTCGGAAC 
 

 

4 
 
 

4 

 

60 
 
 

64 

rlp For At1g33612: 
- WT gene specific primers 
For: ATTACTTGACTGGGTTTGCCC 
Rev: CGAAGAATAAGTACTCGGGGG 
- Mutant gene specific primers 
AY12: AATCTTCTAACTGGTCCATTCCCT 
8409: ATATTGACCATCATACTCATTGC 
 

For At3g23840: 
- WT gene specific primers 
For: GACTCATCAAGTTCTGCCCTG 
Rev: GATCTACTGCCCCAAAACCTC 
- Mutant gene specific primers 
13jr: CTCATTTCTTCAACTTATGGGCTC 
8474: ATAATAACGCTGCGGACATCTACATTTT 

 
4 
 
 

2 
 
 
 

 
2 
 
 

2 
 
 

 
64 

 
 

53 
 
 
 

 
58 

 
 

62 

    
 

 

4.2.2.3. Determination of the site of the T-DNA insertions in the mutant lines 

Products of the PCR reactions were excised from the gel and purified using the 

Wizard SV Gel and PCR Clean-up System (Promega, USA). Concentration of each 

PCR product was quantified using a Nanodrop ND 1000 spectrophotometer (Thermo 

Fisher Scientific, USA), and the PCR products were sequenced using the mutant 

gene-specific primers (Table 4.1). The sequences obtained after the sequencing were 
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then aligned in CLUSTAL W (http://www.ebi.ac.uk/Tools/msa/clustalw2/) program 

with the sequence of the corresponding gene downloaded from TAIR website 

(http://www.arabidopsis.org). The actual positions of the T-DNA insertions (where 

the two alignments do not match) were determined. 

4.2.3.  Functional assays of the RLP 

4.2.3.1. Prediction of the position of GC catalytic centre in the aa sequence of the 

RLP 

The aa sequence of the RLP has been downloaded from TAIR website 

(http://www.arabidopsis.org). The GC catalytic centre search motifs constructed 

previously based on the catalytic centre of characterized GCs in A. thaliana (Wong & 

Gehring, 2013) and in prokaryotic and eukaryotic organisms (Ludidi & Gehring, 

2003) have been relaxed and used in the search for a potential GC catalytic centre in 

the aa sequence of the RLP. 

4.2.3.2.  Investigation of the GC activity of the purified recombinant RLP protein 

using EIA 

The RLP recombinant protein has been purified and refolded as described previously 

(see section 3.2.2.2). The protein was then dialysed extensively into the enzymatic 

reaction buffer (50 mM Tris-HCl, pH 7.4) and quantified using the Bradford method 

(Bradford, 1976). The GC activity of the purified RLP recombinant protein was 

measured in vitro by incubating 1 µg of the protein in 50 mM Tris-HCl (pH 7.4), 

5 mM Mg2+ and/or 5 mM Mn2+ and 1 mM GTP, in a final volume of 100 µL. 

Background cGMP levels were measured in a mixture that contained the incubation 

medium but no protein as well as in the mixtures containing all combinations of the 
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reaction components with the exception of one ingredient at a time (negative 

controls). Incubations were performed for 20 min at room temperature (20°C) and 

terminated by boiling for 3 min, cooling them down on ice for 2 min, followed by 

centrifugation at 2 300 × g for 3 min. The resulting supernatant was assayed for 

cGMP content using the cGMP EIA Biotrak System (GE Healthcare, USA) following 

the acetylation protocol according to the manufacturer’s recommendations.  

4.2.3.3. MS identification and quantification of cGMP generated by the RLP 

recombinant protein 

The RLP recombinant protein has been purified and refolded as described previously 

(see section 3.2.2.2). The protein was then dialysed extensively into the enzymatic 

reaction buffer (50 mM Tris-HCl, pH 7.4) and quantified using the Bradford method 

(Bradford, 1976). The in vitro GC activity of the purified RLP recombinant protein 

was measured upon conducting a series of enzymatic reactions by incubating 46 µg of 

the protein in 50 mM Tris-HCl (pH 7.4), in the presence of 5 mM Mg2+ and/or 5 mM 

Mn2+ and 1 mM GTP, in a final volume of 103.5 µL. Background cGMP levels were 

measured in a mixture that contained the incubation medium but no protein as well as 

in the mixtures containing all combinations of the reaction components with the 

exception of one ingredient at a time (negative controls), in a final volume of 

103.5 µL. Incubations were performed for 20 min at room temperature (20°C) and 

terminated by boiling for 3 min, cooling the samples down on ice for 2 min, followed 

by centrifugation at 2 300 × g for 3 min. The volume of 80 µL of the resulting 

supernatants were subsequently diluted 7.5-fold in high-performance liquid 

chromatography (HPLC)-grade water and assayed for cGMP content by MS 

performed with the LTQ Orbitrap Velos (Thermo Scientific, USA) operated in the 

positive mode. The samples were injected in the volume of 10 µL and the separation 



 176 
was achieved with a ZORBAX Eclipse XDB-CN column (4.6 x150 mm, 3.5 µm) 

(Agilent Technologies, USA). An isocratic flow of solvent 55% (v/v) A (0.1% (v/v) 

FA in H2O) and 45% (v/v) solvent B (100% (v/v) ACN) over 5 min at the mobile 

phase flow rate of 600 µL min-1 was applied. ESI in the positive mode was used at a 

cone voltage of 4 kV, and the scan range was 75.00-400.00. The running parameters 

were optimized for sensitivity and specificity. Preparation of the standard curve with a 

wide range of cGMP concentrations (0.5 – 100 pg µL-1, corresponding to 1.45 – 

289 fmol) enabled for quantification of the content of cGMP in each investigated 

sample. The cGMP amount quantified in each 10 µL injection corresponded to the 

amount of cGMP generated by 569 ng of the recombinant protein. The data sets were 

analysed using the XCalibur software (Thermo Fisher Scientific, USA). 

4.2.3.4. Measurement of the net water influx into MCPs isolated from the leaves of 

the WT and the homozygous rlp mutant plants 

Measurement of the extent of the net water influx into MCPs isolated from either the 

WT or the homozygous rlp mutant plants (homozygous WT for CER26-like gene) 

was performed as described previously (see section 2.2.4.4) using 96% (w/w) pure 

synthetic peptides (Genscript, USA): the biologically active N-biotinylated AtPNP-A 

peptide containing the aa sequence of the active site of AtPNP-A protein 

(AVYYDPPYTRSACYGTQRETLVVGVKNNLWQNGRACGRRY) or the N-terminally 

biotinylated scrambled peptide (negative control) containing the same aa composition 

(PYGGLPCVGKTRYSVWYQGNTANLCTYEVYQDVRNARRAR), at the final 

concentration of 100 nM. 
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4.2.4. Functional assays of Cat2 

4.2.4.1. Total protein extraction 

Total protein of the WT and the homozygous atpnp-a mutant Arabidopsis (Col-0) 

seedlings was extracted and determined as described previously (Du, Wang, Chen, & 

Song, 2008) in three biological replicates per each genotype in each experiment. 

Briefly, 0.2 g of leaf tissue (fifth leaf from three 4-weeks-old plants per each 

replicate) harvested 6 h (at 12:00 PM) after the beginning of illumination was ground 

to a fine powder in liquid nitrogen and homogenized in 1 mL of extraction buffer  

(100 mM Tris-HCl, pH 8.0, 20% (v/v) glycerol, 30 mM DTT). After 15 min 

centrifugation at 12 000 × g at 4ºC, the protein content of the resulting supernatants 

was quantified according to the method of Bradford (Bradford, 1976) using BSA as a 

standard. The same quantities of total protein extracted from either the mutant or WT 

plants have been subsequently used in the assays aimed to detect the catalase 

isozymes activity and the total catalase activity. 

4.2.4.2. Detection of catalase isozymes activities 

For the analyses of catalase isozymes, the protein extracts containing 20 µg of total 

protein were loaded and separated in 8% native polyacrylamide gels (0.375 M  

Tris-HCl, pH 8.8, as gel buffer) with a 3.5% stacking gel (0.125 M Tris-HCl, pH 6.8, 

as gel buffer) for 17 h (70 V) at 4ºC using 250 mM glycine and 25 mM Tris-HCl,  

pH 8.3, as the electrophoresis buffer. Subsequently, the gels were either stained with 

Coomassie Brilliant Blue and subsequently de-stained for the investigation of the 

expression pattern of each catalase isozyme or were specifically stained for the 

activity of catalases as described previously (Chandlee & Scandalios, 1983). The gels 

were soaked in 0.01% (v/v) H2O2 solution for 5 min, washed twice with water, 



 178 
incubated for 30 min in 1% (w/v) FeCl3 and 1% (w/v) K3Fe(CN)6. After staining, the 

gels were washed twice with water and photographed. The same amounts of the total 

protein extracts were also analysed by SDS-PAGE to ensure the results are not biased 

by an inefficient protein extraction of inadequate protein quantitation. The images of 

the gels were acquired using Molecular Imager Gel Doc XR+ System equipped with 

Image Lab software (Bio-Rad, USA) 

4.2.4.3. Detection of the total catalase activity 

The total catalase activity assay was performed according to (Du et al., 2008). Briefly, 

150 µg of the total protein was added to a 3 mL of buffered substrate (50 mM 

K2HPO4/KH2PO4, pH 7.0, 20 mM H2O2), quickly mixed, and 1 mL of the mixture 

was transferred to a disposable UV-transparent cuvette (Eppendorf, Germany). The 

decomposition of H2O2 was followed by the decline in absorbance at λ = 240 nm over 

a time course of 2 min, and the relative catalase activities of total protein extracted 

from the mutant plants to the catalase activity of total protein extracted from the WT 

plants were quantified.  

4.2.5. Measurement of the ROS accumulation upon treatment of SCC with 

AtPNP-A 

4.2.5.1. Cell suspension culture of A. thaliana 

Cells derived from roots of A. thaliana (Col-0) were grown in 100 mL of Gamborg’s 

B-5 (Gamborg, Miller, & Ojima, 1968) basal salt mixture (Sigma-Aldrich, USA) with 

0.5 µg mL-1 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.05 µg mL-1 kinetin in  

250 mL sterile flasks. SCC were grown in a growth chamber (Innova 43, New 
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Brunswick Scientific Co., USA) with shaking at 120 rpm, photosynthetic light set for 

12 h light/12 h dark cycles at 23°C and were sub-cultured every 10 days. 

4.2.5.2. Measurement of oxidative burst induced by AtPNP-A 

Measurement of ROS production was performed with OxiSelect Intracellular ROS 

Assay Kit (green fluorescence) (Cell Biolabs, Inc., USA) according to the 

manufacturer’s recommendations with minor modifications. Suspension-cultured 

Arabidopsis cells from 250 mL culture were sieved through 44 mm Buchner funnel 

and the Gamborg’s B-5 medium from the flow-through was discarded. The cells in 

the flow-though were gently washed three times with Hank’s Balanced Salt Solution 

(HBSS) containing 1.26 mM CaCl2, 5.33 mM KCl, 0.44 mM KH2PO4,  

0.5 mM MgCl2-6H2O, 0.41 mM MgSO4-7H2O, 138 mM NaCl, 4 mM NaHCO3,  

0.3 mM Na2HPO4. The last wash was removed and discarded, and the cells were 

plated on 96-well black plate (Greiner Bio-One, Germany), upon which the solution 

was aspirated and discarded, and 100 µL of HBSS was added to the wells. Next, 1 µL 

volume of the solution from each well was discarded, and 1 µL of 10 times 

concentrated cell-permeable fluorogenic probe 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH/DA) in HBSS solution was added to give the final concentration of 

0.1 times concentrated DCFH/DA solution. The cells were subsequently incubated for 

1 h at 21°C in the dark and the solution was discarded. Next, a 1:10 dilution series of 

fluorescent dichlorodihydrofluorescein (DCF) standards in HBSS was prepared and 

75 µL of each standard was transferred to the plate. The cells were washed twice with 

HBSS and the basal fluorescence of the DCFH-DA loaded cells in a constant reaction 

volume of 100 µL HBSS was measured. Subsequently, the DCFH-DA loaded cells 

were treated with the biologically active AtPNP-A peptide (concentration range from 
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1 pM to 1 nM), or water (negative control), or 200 nM 1H-(1,2,4)oxadiazolo 

[4,3-a]quinoxalin-1-one (ODQ), or 200 nM 6-(Phenylamino)-5,8-quinolinedione (LY 

83583), or 200 nM ODQ followed by the AtPNP-A peptide, or 200 nM LY 83583 

followed by the AtPNP-A peptide, in a constant reaction volume of 100 µL and the 

fluorescence was measured at three time-points post-treatment. For each treatment, at 

least three biological replicates were used, and the fluorescence was read using 

PHERAstar FS microplate reader (BMG Labtech GmbH, Germany) at excitation 

λ = 485 nm and emission λ = 520 nm at different time-points post-treatment. Data 

from three biological replicates were analysed using two-way ANOVA followed by 

Tukey-Kramer post-hoc test (p-value < 0.05). 
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4.3. RESULTS 

4.3.1. Isolation of the homozygous rlp and atpnp-a T-DNA insertion lines and 

determination of the site of the T-DNA insertions in the mutant lines 

Segregating third generation (T3) of T-DNA insertion lines for AtPNP-A and RLP 

genes were grown on soil and DNA was extracted from 20 plants for each mutant 

line. Two separate PCR reactions were performed per each gene of interest to 

determine if individuals were heterozygous or homozygous mutant or WT. One of the 

plants that were potentially homozygous for the T-DNA insertion in each of the 

investigated genes was subjected to further analyses.  

Homozygosity of the atpnp-a mutant line was confirmed in the following fourth 

generation (T4) through PCR screening. Twenty progeny of putative atpnp-a mutant 

plants and a progeny of AtPNP-A WT plant (control) were screened by PCR in order 

to confirm that they were homozygous. The gene specific AtPNP-A SALK For and 

AtPNP-A SALK Rev primers confirmed the presence of the WT copy of the gene in 

the progeny of the AtPNP-A WT line, while there was no product in any of the 

progeny of the atpnp-a mutant line (Figure 4.1 A). The AtPNP-A SALK For primer 

and SALK left T-DNA border primer (LBb1.3) reported the presence of the T-DNA 

insertion in all twenty progeny of atpnp-a mutant line, while there was no product in 

the progeny from the AtPNP-A WT line (Figure 4.1 B). The PCR product of the 

reaction performed using the AtPNP-A SALK For and SALK T-DNA LBb1.3 primers 

on a template extracted from atpnp-a mutant plant was subsequently purified and 

sequenced in order to locate the site of the T-DNA insertion. Alignment of the 

obtained sequence with the sequence of AtPNP-A gene enabled determination of the 
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actual T-DNA insertion to be located in the second intron of the gene, 29 bp upstream 

from the predicted TGA stop codon. 

A)  

       
             

B)   

 
 

Figure 4.1. PCR screening confirmed homozygosity of the WT and atpnp-a mutant 
SALK_000951 lines. A) PCR performed using the WT At2g18660 specific primers: 
AtPNP-A SALK For and AtPNP-A SALK Rev. The predicted product size of 1016 bp is 
indicated with an arrow. B) PCR performed using the mutant At2g18660 specific primers: 
AtPNP-A SALK For and SALK T-DNA LBb1.3. The predicted product size of 476-776 bp is 
indicated with an arrow. C – reaction performed using DNA extracted from Col-0 (WT 
control); W – reaction performed using water instead of DNA (negative control); L – MW 
marker (O’Gene Ruler DNA Ladder Mix, Thermo Fisher Scientific, UK).  

Similarly, homozygosity of the rlp mutant line was confirmed in the following 

generation by PCR screening. Twenty progeny of putative rlp mutant plants and a 
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progeny of RLP WT plants were screened by PCR in order to confirm that they were 

homozygous.  

A)  

 
  

B)   

   
 

Figure 4.2. PCR screening confirmed homozygosity of the WT and rlp mutant  
GABI-KAT-180G04 lines. A) PCR performed using the WT At1g33612 specific primers: 
RLP GABI-KAT For and RLP GABI-KAT Rev. The predicted product size of 1191 bp is 
indicated with an arrow. B) PCR performed using the mutant At1g33612 specific primers: 
RLP GABI-KAT AY12 and T-DNA GABI-KAT 8409. The predicted product size of 
516-816 bp is indicated with an arrow. C – reaction performed using DNA extracted from 
Col-0 (WT control); W – reaction performed using water instead of DNA (negative control); 
L – MW marker (O’Gene Ruler DNA Ladder Mix, Thermo Fisher Scientific, UK).  

The gene-specific RLP GABI-KAT For and RLP GABI-KAT Rev primers confirmed 

the presence of the WT copy of the gene in the progeny of the RLP WT line, while 

there was no product in any of the progeny of the rlp mutant line (Figure 4.2 A). The 
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RLP GABI-KAT T-DNA locus-specific (AY12) and T-DNA GABI-KAT left border 

(8409) primers reported the presence of the T-DNA insertion in all twenty progeny of 

rlp mutant line, while there was no product in the progeny from the RLP WT line 

(Figure 4.2 B). The PCR product of the reaction performed using the RLP 

GABI-KAT T-DNA AY12 and GABI-KAT T-DNA 8409 primers on a template 

extracted from an rlp mutant plant was subsequently purified and sequenced in order 

to pinpoint the site of the T-DNA insertion. Alignment of the obtained sequence with 

the sequence of AtPNP-A gene enabled determination of the actual 

T-DNA insertion to be located in the 3’ untranslated region (3’-UTR) region of the 

gene, 121 bp downstream from the predicted TAG stop codon. 

Because the GABI-KAT line contained two DNA insertions - in At1g33612 (RLP) 

and At3g23840 (CER26-like) genes, the plants already genotyped for the RLP had 

also been genotyped for the CER26-like gene, to make sure they are homozygous WT 

for the CER26-like gene. Therefore, the same twenty progeny of putative rlp mutant 

plants and a progeny of RLP WT plants were screened by PCR in order to confirm 

that they carried only WT alleles of CER26-like. The gene specific CER26-like 

GABI-KAT For and CER26-like GABI-KAT Rev primers confirmed the presence of 

the WT copy of the gene in the progeny of the RLP mutant line (Figure 4.3 A). The 

CER26-like GABI-KAT T-DNA locus-specific (13jr) and T-DNA GABI-KAT left 

border (8474) primers reported the absence of the T-DNA insertion in all twenty 

progeny of rlp mutant line (Figure 4.3 B), confirming that the homozygous rlp mutant 

line is a homozygous WT for CER26-like gene. 
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A) 

 
   

          

B) 

 

Figure 4.3. PCR screening confirmed WT homozygosity for At3g23840 (CER26-like) in 
the WT and in the homozygous rlp mutant GABI-KAT-180G04 lines. A) PCR performed 
using the WT At3g23840 specific primers: CER26-like GABI-KAT For and CER26-like 
GABI-KAT Rev. The predicted product size of 1074 bp is indicated with an arrow. B) PCR 
performed using the mutant At3g23840 specific primers: CER26-like GABI-KAT 13jr and 
T-DNA GABI-KAT 8474. The predicted product size of 531-831 bp is indicated with an 
arrow. C – reaction performed using DNA extracted from Col-0 (WT control); W – reaction 
performed using water instead of DNA (negative control); L – MW marker (O’Gene Ruler 
DNA Ladder Mix, Thermo Fisher Scientific, UK).  

Compared with WT plants, the isolated homozygous atpnp-a and rlp mutant plants 

grown on soil under standard growth conditions did not show obvious phenotypic 

differences. Upon isolation of the homozygous mutant lines no further phenotypic 

examination was undertaken given that the phenotype of the homozygous atpnp-a 

mutant has already been described (Donaldson, 2009).  
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The isolated homozygous atpnp-a and rlp mutant lines were subjected to the 

functional assays aimed to either determine differential modulation of Cat2 activity in 

the atpnp-a and WT plants or investigate the response of protoplasts, isolated from 

the leaves of the rlp and WT plants, to the treatment with AtPNP-A. 

4.3.2. Evaluation of the response of MCPs isolated from the homozygous rlp 

mutant plants to the treatment with AtPNP-A peptide 

The TAIR website predicted the RLP protein to be localized in PM and since the 

protein has been identified as one of the interactants of AtPNP-A, the response of the 

MCPs isolated from the homozygous rlp mutant has been verified and compared to 

the extent of net water influx into the WT MCPs performed in parallel (Figure 4.4 A). 

The cells were treated with either the biologically active N-terminally biotinylated 

AtPNP-A peptide or the corresponding N-terminally active scrambled peptide 

(negative control) at the final concentration of 100 nM. Application of the scrambled 

peptide allowed the exclusion of the MCPs responses that result from unspecific net 

water influx modulation by either the net peptide charge or minor changes of water 

potential upon addition of the peptide. Compared to the WT plants (Figure 4.4 B), the 

homozygous rlp mutant plants revealed suppressed in vivo response to AtPNP-A 

(Figure 4.4 C) in the protoplasts swelling assay. 
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A)  

                  
 

B) 
  

       

 
C)  

       

    
Figure 4.4. Results of the AtPNP-A-dependent net water influx into MCPs isolated from 
the leaves of WT or the homozygous rlp mutant plants. A) Random images of MCPs 
acquired after the treatment with either scrambled peptide (negative control) or the 
biologically active AtPNP-A peptide at the final concentration of 100 nM. B) Exemplar 
results of the assay performed on MCPs isolated from the leaves of WT plants showing 
significantly different results (p-value < 0.05; one-way ANOVA followed by Tukey-Kramer 
multiple comparison test) in each biological replicate. C) Exemplar results of the assay 
performed on MCPs isolated from the leaves of the rlp mutant plants. In each experiment, 50 
randomly selected protoplasts with diameter > 20 µm were measured for each replicate 
15 min after the treatment. Data are mean ± SEM of two independent experiments, each with 
three replicates.  
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4.3.3. Investigation of the GC activity of the purified recombinant RLP protein 

The aa sequence of the RLP protein has been searched for a putative GC catalytic site 

using a search motif obtained from the alignment of aa sequences of the enzyme 

catalytic site of GCs previously characterized in A. thaliana (Figure 4.5 A) (Wong & 

Gehring, 2013). Since the search using the original GC search motif (Ludidi & 

Gehring, 2003) did not predict a GC catalytic centre, the motif (Figure 4.5 B) was 

relaxed further.  

A)  
 [SK][FY][SCG][ILV][GFVIL][LDVI][GDLAVI][IPEVL][DLVI][TVLI][WST] 

[PDRG][GKE][KR]X{2,3}[HDSE] 
B)  
 [RSK][YFW][CTGH][VIL][FV]G[DNA]X[VIL]X{4}[KR] 
C)  
 [RSK]x[CTGH]X{8,12}[KR] 
D)  
 MNSCSFNLFILGAIIFLRCFRSTGAATCDPDDEAGLLGFKSGITKDPSGILSSWKKGTDCCFW

SGVFCVNNDRVTQLSVDGDFSLDGNSPSGTISPMLAKLQHLERILLTSLRKITGPFPQFIFRL
PKLNYINIQGCLLSGPLPANIGELSQLKTLVIDGNMFTGHIPSSIANLTRLTWLNLGNNRLSG
TIPNIFKSMKELNSLDLSRNGFFGRLPPSIASLAPTLYYLDLSQNNLSGTIPNYLSRFEALST
LVLSKNKYSGVVPMSFTNLINITNLDLSHNLLTGPFPVLKSINGIESLDLSYNKFHLKTIPKW
MISSPSIYSLKLAKCGLKISLDDWKLAGTYYYDSIDLSENEISGSPAKFLSQMKYLMEFRAAG
NKLRFDLGKLTFVRTLETLDLSRNLIFGRVLATFAGLKTMNVSQNHLCGKLPVTKFPASXFAG
NDCLCGSPLSPCKV 

Figure 4.5. The GC catalytic centre search motifs (A-C) and the aa sequence of the RLP 
with the location of the putative GC catalytic centres indicated (D). A) GC catalytic 
centre search motif constructed based on the aa sequence of the catalytic centre of GCs 
characterized in A. thaliana (Wong & Gehring, 2013). B) GC catalytic centre search motif 
constructed based on the aa sequence of the catalytic centre of GCs characterized in 
prokaryotes and eukaryotes (Ludidi & Gehring, 2003). C) Relaxed catalytic centre search 
motif used in the identification of the putative GC catalytic centre in the aa sequence of the 
RLP protein. D) The aa sequence of the RLP protein with the predicted four putative GC 
catalytic centres bolded and with the location of the most probable GC catalytic centre 
highlighted in magenta. The aa substitutions are in square brackets ([]), ‘X’ stands for any aa, 
and the gap size is marked in curly brackets ({}). 

The newly constructed relaxed GC catalytic centre search motif (Figure 4.5 C) 

enabled identification of four sites for putative GC catalytic centre, and based on the 

differences in the gap length of the search motifs used previously and the relaxed 

search motif, the GC catalytic centre predicted at the C-terminus of the RLP appeared 

to be the most promising candidate (Figure 4.5 D). 
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Next, the putative GC activity of the purified recombinant RLP protein was verified 

in vitro in the colorimetric Biotrak cGMP competitive EIA system following the 

standard acetylation assay procedure, where the cGMP generated by the RLP protein 

has been detected and quantified at femtomolar amounts. Performing the reactions in 

the reaction mixtures containing all necessary ingredients and preparing in parallel a 

series of negative controls enabled for differentiation of the specific response 

resulting from the presence of cGMP generated by the RLP from the background 

level of cGMP in the samples or the non-specific binding that may occur in EIAs. 

Since the assay enables detection of cGMP at the range of 2-512 fmol/well 

(14 pg mL-1), the amount of cGMP generated over the experimental period of 20 min 

by 1 µg of the purified protein have been detected and quantified (Figure 4.6). 

 

Figure 4.6. Determination of the in vitro GC activity of the purified recombinant RLP 
protein. The reaction mixtures containing 1 µg of the purified RLP recombinant in 50 mM 
Tris-HCl (pH 7.4), 1 mM GTP, 5 mM Mg2+ or 5 mM Mn2+ or all combinations of the reaction 
mixture ingredients needed to establish the background cGMP level and non-specific binding 
(negative controls) were incubated for 20 min at room temperature (20°C) and the reactions 
were terminated by boiling for 3 min, cooling the samples down on ice for 2 min, followed by 
centrifugation at 2 300 × g for 3 min and discarding the resultant pellet. The supernatants 
were used for the Biotrak competitive cGMP EIA (Product booklet of the Amersham cGMP 
EIA Biotrak (EIA) System, code RPN226; GE Healthcare, UK). The bars showing 
significantly different results (p-value < 0.05; one-way ANOVA followed by Tukey-Kramer 
multiple comparison test; n = 3) are indicated with different superscript (a, b, and c).  
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In the presence of Mg2+ the RLP showed a statistically significant in vitro GC 

activity, yielding approximately 17.5 fmol cGMP per µg of the protein (upon 

subtraction of the background cGMP level determined in the negative controls), while 

in case of Mn2+ used as a cofactor the cGMP level generated was indistinguishable 

from the basal cGMP level detected in negative controls not containing either the RLP 

or GTP (Figure 4.6). Subsequently, MS detection and quantitation of the cGMP 

content in the samples was done in order to validate the results obtained from the 

EIA. The standard curve was prepared in the range of 0.5 – 100 pg µL-1 (Figure 4.7 

A), allowing for the accurate quantitation of 1.45 – 289 fmol amounts of cGMP in the 

samples (Figure 4.7 B). 

A) 

           
 

B) 

          
Figure 4.7. The calibration curve used in MS quantitation of the amount of cGMP 
generated in vitro by the RLP protein (A) and a representative response (B). Each point 
represents mean of three measurements performed for each concentration. A) Calibration 
curve prepared with cGMP in the concentration range of 0.5 – 100 pg mL-1. B) A typical 
response expressed as peak area used for quantitation of the amount of cGMP in the range of 
1.45 – 289 fmol.  
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A)  
 

 
B)  
 

 
Figure 4.8. MS identification of the cGMP generated in vitro by the RLP recombinant. 
The reaction mixture containing 46 µg of the purified RLP recombinant in 50 mM Tris-HCl 
(pH 7.4), 1 mM GTP, and 5 mM Mg2+ was incubated for 20 min at room temperature (20°C) 
and the reaction was terminated by boiling the sample for 3 min, cooling it down on ice for 
2 min, followed by centrifugation at 2 300 × g for 3 min and discarding the resultant pellet. 
The supernatant was diluted 7.5-fold, and 10 µL of the resultant sample, corresponding to the 
amount of cGMP generated by 569 ng of the RLP protein, has been injected into the 
instrument. A) A chromatogram depicting the separation of the sample ingredients, with the 
highest peak corresponding to the elution of cGMP (MW = 345 g mol-1; m/z 346 [M+1]+) at 
2.15-2.43 min. B) A spectrum resulting from the fragmentation of the cGMP precursor ion. 
The precursor ion (m/z 346 [M+1]+) and the product ion (m/z 152 [M+1]+) can be detected.  
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A)  
 

 
B)  
 

 
Figure 4.9. MS determination of the basal cGMP level present in an exemplar negative 
control. The mixture containing 46 µg of the purified RLP recombinant in 50 mM Tris-HCl 
(pH 7.4) was incubated for 20 min at room temperature (20°C) and the reaction was 
terminated by boiling for 3 min, cooling the sample down on ice for 2 min, followed by 
centrifugation at 2 300 × g for 3 min and discarding the resultant pellet. The supernatant was 
diluted 7.5-fold, and 10 µL of the resultant sample, corresponding to the amount of cGMP 
generated by 569 ng of the RLP protein, has been injected into the instrument. A) A 
chromatogram depicting the separation of the sample ingredients, with the highest peak 
corresponding to the elution of cGMP (MW = 345 g mol-1; m/z 346 [M+1]+) at 2.41-2.57 
min. B) A spectrum resulting from fragmentation of the cGMP precursor ion. The product ion 
(m/z 152 [M+1]+) can be detected.  
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MS-based quantitation of cGMP levels in the samples analysed in technical triplicates 

confirmed the results obtained from the EIA. Since the technique is more sensitive 

than EIA (Figure 4.7 A), in addition to detecting cGMP in the samples containing 

cGMP generated by the RLP protein in the presence of GTP and Mg2+ (Figure 4.8), it 

also detected up to 53 fmol cGMP in the negative controls (Figure 4.9), and a 

significant amount of cGMP generated by the RLP protein in the presence of Mn2+. 

After subtraction of the maximal background level of cGMP quantified in the 

negative controls, it can be concluded that Mg2+ is a preferred cofactor, as in the 

presence of Mg2+ 1 µg of the protein generated 106 fmol cGMP compared with only 

27 fmol in the presence of Mn2+. 

4.3.4.  Functional assays of Cat2 

The activity of the total catalase and the Cat2 isozyme has been investigated in WT 

and the homozygous atpnp-a knock-down mutant plants grown under LD conditions. 

The fifth leaves of three four-week-old plants have been collected in biological 

triplicates per each line in parallel six hours after the beginning of illumination to 

minimize the effect of circadian regulation on the protein expression and activity. 

Upon the total protein quantitation, the equal amount of each extract was loaded onto 

SDS-PAGE to ensure the protein extraction was equally effective and the quantitation 

was done appropriately (Figure 4.10 A). Subsequently, equal amount of each extract 

was loaded onto two native PAGE gels. The first gel was stained for the presence of 

proteins to verify whether the Cat2 isozyme is expressed at the same level in the WT 

and the atpnp-a mutant plants, while the second native PAGE gel was used to 

determine the activity of different catalase isozymes by performing a specific activity 

staining of the gel. The resultant zymogram revealed significant decrease of the Cat2 
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activity in the protein extract obtained from the atpnp-a mutant plants compared with 

the WT plants (Figure 4.10 B). 

A)  B)  C)  
 
 

 

 
 

 
 

Figure 4.10. Biochemical analyses of Cat2 activity. A) SDS-PAGE image of 20 µg total 
protein extracted from the fifth leaves of three 4-week-old A. thaliana (Col-0) WT or the 
homozygous atpnp-a (pnp) mutant plants grown under LD conditions harvested 6 h after the 
beginning of illumination. B) Zymogram of the catalase isoforms activity in the protein 
extract obtained from the leaves of WT and the pnp mutant plants. A total of 20 µg protein 
extracted from the pnp mutant or WT plants was separated in 8% native PAGE. C) The total 
catalase activities in the protein extracts from WT and pnp mutant plants measured by 
decomposition of H2O2 followed by the decline in absorbance at λ  = 240 nm are significantly 
different (p-value < 0.05; Student’s t-test). Data are mean ± SD of three independent 
experiments. L – PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, USA).  

Finally, the total catalase activities in the protein extracts were compared by 

measuring the rate of H2O2 decomposition resulting in the decline in absorbance at 

λ = 240 nm. The total catalase activity detected in the protein extract from the mutant 

leaves differed significantly from the total catalase activity detected in the protein 

extract from the leaves of the WT plants, as the mutant displayed only 78% of the 

total catalase activity of the WT plants (Figure 4.10 C). 

4.3.5. Investigation of the effect exerted by AtPNP-A on ROS balance in SCC  

The effect of the biologically active AtPNP-A peptide at the concentration range of 

1 pM to 1 nM on ROS accumulation in suspension-cultured A. thaliana (Col-0) cells 

was examined using the OxiSelect Intracellular ROS Assay Kit and compared with 

the response upon the treatment with water (negative control). Concentration- and  
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time-dependent ROS response has been observed with ROS production significantly 

induced 30 min after the treatment with 1 nM peptide (Figure 4.11). However, 

concentrations equal to or lower than 10 pM did not induce any significant changes in 

ROS production at the time-points used.  

  

 

Figure 4.11. Concentration- and time-dependent accumulation of ROS upon treatment 
of A. thaliana SCC with the biologically active AtPNP-A peptide. Upon incubation of the 
cells with 10 µM cell-permeable DCFH/DA (OxiSelect ROS assay kit, Cell Biolabs) followed 
by washing, autofluorescence of the DCFH/DA-loaded cells was measured at excitation 
λ  = 480 nm and the emission λ  = 520 nm and the cells were treated with different 
concentrations of AtPNP-A peptide or water (negative control) and the fluorescence was 
measured. Data are mean ± SD of fluorescence measurements expressed as relative 
fluorescence units (RFU) obtained from an exemplar experiment (n = 3). The experiment has 
been repeated three times, each time giving comparable results. Statistically different (p-value 
< 0.05; two-way ANOVA followed by Tukey-Kramer multiple comparison test) results were 
observed only 30 min upon cell treatment with 1 nM AtPNP-A peptide.  

Since both GC inhibitors used for the treatment of cells, ODQ and LY 83583, induced 

significant ROS production, it was impossible to conclude whether the observed 

AtPNP-A dependent ROS accumulation is a part of the AtPNP-A-dependent 

signalling events mediated via cGMP.   
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4.4. DISCUSSION 

Mapping of specific PPIs is a critical step towards understanding the complex 

molecular relationships in living systems. However, unravelling biological functions 

of proteins that specifically associate with each other is of paramount importance to 

understand the physiological significance of the binding events. This ultimate aim of 

functional interactomics is fundamental to elucidate how biochemical pathways and 

processes modulated by the investigated PPIs can be altered for fine-tuning of 

physiological responses of the studied organism. In the attempt to assess the 

biological relevance of two highly promising candidate interactants of AtPNP-A, RLP 

and Cat2, bioinformatics tools-assisted analyses and literature searches for biological 

functions in planta as well as functional assays in T-DNA insertion mutant lines were 

undertaken. 

The RLP, annotated as LRR protein on the TAIR website, was predicted by the 

AraCyc Plant Metabolic Network (PMN) (http://www.plantcyc.org; PMN 9.0; August 

2014) (Zhang et al., 2005) website to be a non-specific Ser/Thr protein kinase. 

Moreover, the Panther classification system (http://panthertest2.usc.edu) (Thomas et 

al., 2003) categorized the RLP as an antibacterial response protein which is a member 

of LRR receptor-like protein kinase family belonging to a DNA-damage-repair 

protein DRT100-related class, and associated the RLP with GO BPs such as protein 

phosphorylation, cell communication and defence responses to bacteria. Interestingly, 

the aa sequence of the N-terminus of the protein showed some similarity with the 

tomato immune receptor Ve1 protein (Figure 4.12) that governs resistance to race 1 

strains of the soil-borne vascular wilt fungi Verticillium dahliae and Verticillium 

alboatrum. However, neither Ve1 nor RLP are each others best matches in the 
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BLAST-P (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul, Gish, Miller, Myers, & 

Lipman, 1990) searches.  

Intriguingly, the functional ligand of Ve1, the Ave1 (Avirulence on Ve1), is a 

homolog of AtPNP-A (de Jonge et al., 2012) (Figure 4.12). This observation made the 

RLP a particularly interesting candidate interactant of AtPNP-A, with a potential of 

the protein to be one of the receptors for AtPNP-A.  

 
Figure 4.12. Representation of the predicted domain organization of the RLP protein. 
The extracellular portion of the LRR protein contains a signal peptide (SP) and LRR 
N-terminal domain (LRRNT 2), while the intracellular part carries predicted protein kinase 
(PK) and GC domains. TM indicates the predicted trans-membrane domain. Sequence 
alignments of the predicted ligand-binding domain of the LRR protein with the corresponding 
domain of the Ve1 receptor as well as aa alignment of the active domain of AtPNP-A with the 
corresponding fragment of Ave1 are given. Prediction of the protein domains has been done 
with InterProScan 5 protein domains identifier (http://www.ebi.ac.uk/Tools/pfa) (Quevillon et 
al., 2005), while the GC catalytic centre has been predicted based on the GC catalytic centre 
search motif. Identical residues are indicated with an asterisk (*), conserved residues with a 
colon (:), and semi-conserved residues with a full stop (.). 

Since several Arabidopsis LRR kinases has been identified and characterized as GCs 

(Figure 4.13 A) and various physiological responses exerted by AtPNP-A are known 

to be mediated via cGMP (Morse, Pironcheva, & Gehring, 2004; Pharmawati, 

Gehring, & Irving, 1998; Pharmawati, Maryani, Nikolakopoulos, Gehring, & Irving, 

2001; Pharmawati, Billington, & Gehring, 1998; Wang, Gehring, Cahill, & Irving, 

2007), verification of the potential GC activity of the RLP has been attempted. Firstly, 

the aa sequence of the protein has been queried for a location of a putative GC 
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catalytic site with the relaxed GC catalytic centre search motif generated based on the 

alignment of sequences encoding GC catalytic sites of previously characterised GCs 

from prokaryotes and eukaryotes (Ludidi & Gehring, 2003). The new search motif 

was relaxed in terms of allowed aa substitutions and the length of the motif that 

previously was 13-14 aa. However, the functionally assigned residues have been 

preserved (Figure 4.13 B), enabling identification of four putative GC catalytic sites 

in the sequence of RLP protein, including the promising 15 aa-long putative GC 

catalytic center located at the C-terminus of the RLP. 

The GC activity of the purified RLP recombinant protein has been subsequently 

verified in vitro using an EIA and was confirmed by MS identification and 

quantitation of the generated cGMP. 

A)  
 

    
B)  

                                        [RSK]X[CTGH]X{8,12}[KR] 
Figure 4.13. Catalytic centre of GCs characterized in A. thaliana (A) and the relaxed GC 
catalytic centre search motif used for querying the aa sequence of the RLP (B). A) 
Several A. thaliana LRR receptor kinases have been identified as GCs (Wong & Gehring, 
2013). Aa in position 1 forms the hydrogen bond with the guanine, aa in position 3 confers 
substrate specificity for GTP, and aa in position 14 stabilizes the transition state from GTP to 
cGMP. B) Relaxed GC catalytic centre search motif used in searching for GC catalytic centre 
in RLP protein. The functionally assigned residues are in red. The aa substitutions are in 
square brackets ([]), ‘X’ stands for any aa, and the gap size is marked in curly brackets ({}). 

Measurement of the cGMP produced by the purified recombinant RLP protein has 

been performed using the Biotrak cGMP competitive EIA system based on 

competition between unlabelled cGMP and a fixed quantity of peroxidase-labeled 
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cGMP, for a limited number of binding sites on a cGMP specific antibody (Figure 

4.14), and the anti-cGMP antibody supplied in the kit is highly specific for cGMP and 

has approximately 106 times lower affinity for cAMP (Meier et al., 2010). The assay 

enabled identification of low GC activity of the purified recombinant RLP protein, 

with 17.5 fmol cGMP generated by 1 µg protein in the presence of Mg2+ as a cofactor. 

Parallel analyses performed in a series of negative controls allowed for distinguishing 

between the cGMP amounts generated by the RLP protein from signal due to 

non-specific binding. 

 
Figure 4.14. Principle of the Biotrak cGMP EIA. The kit combines the use of a peroxidase-
labelled cGMP conjugate, a specific anti-cGMP rabbit antiserum, which can be immobilised 
onto the microplate pre-coated with donkey anti-rabbit antibody, and a substrate solution 
consisting of 3,3’,5,5’-tetramethylbenzidine (TMB)/H2O2. The OD measurement was 
performed at λ  = 450 nm. (Product booklet of the Amersham cGMP EIA Biotrak (EIA) 
System, code RPN226; GE Healthcare, UK).  

The enzymatic reactions were repeated on a larger scale and cGMP generated by the 

purified RLP recombinant protein was subjected to the MS identification and 

quantitation.  

The GC activity of the RLP recombinant was verified by MS analysis in the LTQ of 

an Orbitrap Velos mass spectrometer using a pseudo-selected reaction monitoring 

(SRM) method (Figure 4.15). The cGMP content in the samples was identified and 
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accurately quantified using a cGMP calibration curve prepared in the range of 1.45 – 

289 fmol.  

 
Figure 4.15. A schematic diagram of the instrumentation used for the pseudo-SRM 
analyses. Precursor ion selection took place in the linear ion trap, fragmentation occurred in 
the higher-energy collisional dissociation (HCD) collision cell, and the product ion selection 
took place in the Orbitrap. (Extracted from LTQ Orbitrap Velos, Hardware Manual, revision 
A – 1250580; Thermo Fisher Scientific, UK).  

The SRM analysis, in which an ion of a particular mass, termed a precursor ion (in 

this case the protonated cGMP, m/z 346), is selected in the first stage of a tandem 

mass spectrometer and an ion product of a fragmentation reaction of the precursor 

ion, termed a product ion (in this case detected at m/z 152), is selected in the second 

mass spectrometer for detection, allows for high selectivity since the transition from 

the precursor ion to the product ion is used as a ‘signature’ of the analyte (Picotti & 

Aebersold, 2012). The MS estimation of the cGMP content in the samples, upon 

subtraction of a background amount of the compound detected and quantified in 

negative controls, resulted in 106 fmol of cGMP being generated by 1 µg of the RLP 

protein when Mg2+ is used as a cofactor. The amount of the cGMP generated by 1 µg 

of the RLP protein quantified by MS is over six times greater than the amount of 

cGMP generated by the same amount of protein quantified in EIA. This can result 

form the greater sensitivity of the MS-based quantitation and/or different enzymatic 

activity of the protein in two separate protein preparations used in each of the 
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methods. Since the MS detection is more sensitive than EIA, the former also detected 

and quantified cGMP generated by the protein in the presence of Mn2+, but the 

amount of cGMP generated by the RLP with Mn2+ as a cofactor was nearly four times 

lower than in case of Mg2+. Summarizing, both EIA and MS enabled identification 

and quantification of cGMP generated by the purified RLP recombinant in the 

presence of Mg2+ as a cofactor at the amounts significantly greater than in the 

negative controls. Still, the in vitro GC activity of the RLP protein has not been 

shown as modulated in the presence of AtPNP-A.  

To further investigate the biological function of RLP protein, a homozygous rlp 

mutant line has been isolated. Since the line carried mutation in two genes, both of 

them were isolated to ensure the line is a homozygous rlp mutant and homozygous 

WT for the other gene. The response of the MCPs of the homozygous rlp mutant to 

the treatment with AtPNP-A has been verified in the net water influx into protoplasts. 

Application of the scrambled peptide as a negative control allowed for excluding the 

responses of the MCPs that result from unspecific net water influx modulation by 

either net peptide charge or minor change of osmoticum upon addition of the 

peptides. Compared with the responses of MCPs isolated from the WT plants, the 

MCPs isolated from the rlp mutant showed less extent of swelling. This indicates that 

the mutant plant reveals suppressed in vivo response to the AtPNP-A and the RLP 

somewhat appears to be involved in the AtPNP-A signalling pathways resulting in the 

elevated water influx into the cells.  

The RLP gene is absent in available microarray datasets, and based on the 

transcriptomics data available for several genes located in the same chromosomal 

region that show high sequence similarity to RLP and also encode LRR proteins, the 

protein may be implicated in the plant response to pathogens (Postnikova & 



 202 
Nemchinov, 2012). Although little information on the RLP protein is available, it is 

known to be expressed in guard cells (Obulareddy, Panchai, & Melotto, 2013). 

Importantly, the stomata opening reflecting increases in guard cell volume is 

significantly modulated by the recombinant AtPNP-A (Pharmawati, Billington, & 

Gehring, 1998; Pharmawati et al., 2001; Morse et al., 2004; Wang et al., 2007). Since 

the interaction between AtPNP-A and the purified recombinant RLP protein has been 

shown to be specific and the MCPs isolated from the homozygous rlp mutant plants 

revealed altered response to AtPNP-A treatment, it is conceivable that the RLP 

expressed in PM of guard cells may also play a role in the AtPNP-A dependent 

regulation of stomata opening resulting in modulation of the stomatal guard cell 

resistance to pathogen attack, gas exchange, and water loss in plants. 

The second tested interactant is Cat2, a member of an evolutionary conserved family 

of enzymes which catalyse the decomposition of H2O2 that is an important signalling 

molecule regulating plant growth and stress responses (Mhamdi et al., 2010). Since 

the enzyme is strongly expressed in the photosynthetic tissue, mainly in leaves, and is 

activated by cold and drought stresses (Du et al., 2008), the activity of Cat2 isozyme 

and the total catalase activity in protein extracts obtained from the WT and the 

homozygous atpnp-a mutant plants was investigated. To that end, the fifth leaves of 

plants from both lines have been collected in biological triplicates per each line in 

parallel six hours after the beginning of illumination to minimize the effect of 

circadian regulation on the gene and protein expression and its activity (Zhong, 

Young, Pease, Hangarter, & McClung, 1994; Du et al., 2008). The activity of the Cat2 

has been investigated in native PAGE upon separation of the other catalase isozymes 

present in the samples. Following separation of native proteins, each isozyme 

removes peroxides from the area of the gel it occupies. Removal of peroxides 
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prevents from reduction of the potassium ferricyanide to potassium ferrocyanide. The 

latter reacts with ferric chloride to form a Prussian blue precipitate, while the gel areas 

where the enzyme inactivated H2O2 can be seen on the gel as white bands that 

broaden with increasing catalase activity (Weydert & Cullen, 2010). The Cat2 activity 

of the atpnp-a mutant plants was significantly lower than the isozyme activity of the 

extract obtained from the WT plants. Since the amount of Cat2 protein in both 

extracts was comparable, the observations suggest AtPNP-A may function in 

enhancing the enzymatic activity of Cat2 protein. 

Next, we sought to evaluate the total catalase activity in the protein by a 

spectrophotometric procedure measuring peroxide removal followed by a decrease in 

light absorption of the solutions in the UV over the first few minutes of the reaction 

(Beers & Sizer, 1952). The results revealed that decrease of the Cat2 activity in the 

protein extract obtained from the homozygous atpnp-a mutant plants is accompanied 

by an over 20% decrease in the total catalase activity compared with the total protein 

extracted from the WT plants. The homozygous atpnp-a (SALK_000951) line used in 

the study has been previously identified as a knock-down rather than a null mutant 

line (Donaldson, 2009) and this makes the reduced activity even more significant.  

In summary, the results obtained suggest that AtPNP-A enhances Cat2 enzymatic 

activity in leaves. Interestingly, exogenously applied catalase has already been shown 

to reduce H2O2 accumulation resulting in inhibition of ABA-induced stomatal closure 

(Zhang et al., 2001) and the MeJa-induced stomatal closure (Jannat et al., 2012). 

Although Cat2 does not appear to be expressed in the guard cells, it has been shown 

to function in the guard cell ABA signalling (Jannat et al., 2011). This invites 

speculation that Cat2 may mediate the previously observed activity of AtPNP-A in 

counteracting the ABA-dependent stomatal closure (Wang et al., 2007). Although the 
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ability of AtPNP-A to prevent MeJa-induced guard cell movement has not yet been 

investigated, the notion is intriguing and may give a further hint about the role of 

PNPs, particularly in view of the fact that the XacPNP acts similarly to AtPNP-A 

(Gottig et al., 2008). It is likely the interaction between AtPNP-A and Cat2 modulates 

the hypersensitive response characterized by the rapid death of cells in the region 

surrounding an infection to restrict the spread of the pathogen to other parts of the 

plant, as Cat2 has been shown to play an important role in this type of 

ROS-mediated programmed cell death (PCD) (Li, Chen, Mu, & Zuo, 2013). 

Importantly, the homozygous cat2 knock-out mutants showed opposite avrRpm1 cell 

death response phenotypes that were dependent on light conditions used, with 

exaggerated death responses under LD conditions (Queval et al., 2007) and attenuated 

cell death phenotype observed when short days conditions were applied (Hackenberg 

et al., 2013). This points to the highly complex role of Cat2 in the regulation of cell 

death. Moreover, in the light of the recent findings revealing that Cat2 activity is 

required to promote autophagy-dependent PCD and to induce cell death by avrRpm1, 

it became apparent that the enzyme has a dual function, acting as both an 

antioxidative enzyme and as a PCD effector (Figure 4.16), and may operate as a direct 

molecular link between ROS and PCD signalling (Hackenberg et al., 2013). 

It is conceivable that AtPNP-A may be one of the components that react with Cat2 to 

modulate an autophagy-dependent PCD response (Figure 4.16). This notion is worth 

further investigation since the higher susceptibility of the atpnp-a mutant than the WT 

plants to the avirulent P. syringae strain has been observed (Donaldson, 2009). 
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Figure 4.16. Model for catalase integration of PCD signals. The ROS generated either as a 
by-product of ß-oxidation of fatty acids during seed storage oil mobilization or upon the 
avrRpm1 challenge activate catalase, which reacts with unknown compounds to result in an 
autophagy-dependent PCD response. Cell death inducers are indicated with red, while generic 
components are indicated with blue. RPM1 – resistance to P. syringae pv maculicola 1 
(Hackenberg et al., 2013).  

The effect of AtPNP-A exerted on the redox state of the cells has been further 

investigated using the biologically active AtPNP-A peptide in A. thaliana (Col-0) 

suspension cells derived from root cells. The suspension-cultured system allowed for 

the usage of a highly sensitive (DCF detection sensitivity limit of 10 pM) green  

fluorescence-based assay kit measuring antioxidant or ROS activity within the cell 

(Figure 4.17) to determine the impact of AtPNP-A on modulation of intracellular 

ROS levels in a concentration- and time-dependent manner. 

The results indicated that application of 1 nM AtPNP-A peptide to the A. thaliana 

(Col-0) SCC induces significant ROS accumulation, while concentrations equal to or 

lower than 10 pM did not induce any significant changes in ROS accumulation at the 

time-points examined. Considering the previous findings indicating that AtPNP-A 

probably increases Cat2 activity, the observation of AtPNP-A ROS production might 

be surprising. However, a concentration-dependent and tissue-specific effects exerted 

by AtPNP-A, as well as generation of ROS other than H2O2, cannot be excluded. The 

data provide evidence to the notion that AtPNP-A affects redox state of the cell and 
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imply the presence of a complex regulatory system that controls the physiological 

responses. 

 
Figure 4.17. Mechanism of DCF assay. The non-fluorescent DCFH-DA fluorogenic probe 
is diffused into cells and is deacetylated by cellular esterases to non-fluorescent DCFH, which 
is rapidly oxidized to highly fluorescent DCF by ROS. The fluorescence intensity if 
proportional to the ROS levels within the cell cytosol. (Modified after OxiSelect Intracellular 
ROS Assay Kit (green fluorescence) Product Manual, Cell Biolabs, Inc., USA).  

Moreover, an attempt has been made to verify whether the ROS production is 

dependent on cGMP generated by AtPNP-A, as cGMP has already been shown to 

induce significant ROS generation in Arabidopsis SCC (Marondedze et al., 2013). For 

that purpose, two membrane-permeable inhibitors of soluble GCs have been used. 

However, application of both ODQ, which is a highly selective, irreversible inhibitor 

of soluble GCs (Schrammel, Behrends, Schmidt, Koesling, & Mayer, 1996), and LY 

83583, which is a competitive inhibitor of soluble GCs and cGMP production 

(Mulsch, Busse, Liebau, & Forstermann, 1988), induced significant ROS generation. 

Therefore, the question whether the observed AtPNP-A-dependent ROS response is a 

consequence of elevated cGMP or is a cGMP-independent process still remains open 

and should be investigated in the future. 
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CHAPTER 5. RESPONSES TO ATPNP-A AT THE SYSTEMS LEVEL 

Abstract 

Differential regulation of protein expression upon treatment of the cells with a 

physiological concentration of a hormone can give unbiased information regarding 

the biological function of the biomolecule in the system under study. Quantitative 

investigation of these changes at different time-points upon treatment with two 

different concentrations of the biomolecule provides deeper insight into both 

concentration- and time-dependent relation of the changes observed. Analysis of 

differences induced at the proteome level by biologically active AtPNP-A peptide 

used to treat a well-controlled system of root-derived SCC of A. thaliana at the final 

concentration of 1 nM and 10 pM, has been performed using gel-free method 

supported by amine-reactive isobaric TMT labelling followed by MS analysis. To 

reduce the complexity of the samples containing tryptic peptides obtained from 

enzymatic digestion of proteins extracted from the cells collected at different 

time-points post-treatment, and hence to increase the coverage of the MS analysis, 

highly efficient method of OFFGEL peptide separation was employed. GO-assisted 

analysis of the large-scale quantitative proteomics data, obtained from fragmentation 

of the tags of AtPNP-A- or mock-treated samples, gave new insight into the AtPNP-A 

dependent processes at the systems level, shedding light on regulatory pathways 

affected by AtPNP-A in SCC of A. thaliana and revealing several components of the 

NPs signalling cascade that are common to animal and plant kingdom.  
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5.1. INTRODUCTION 

AtPNP-A has been shown to exert its multiple biological functions both in  

cGMP-dependent (Pharmawati, Gehring, & Irving, 1998; Suwastika & Gehring, 

1998; Morse et al., 2004) and cGMP-independent (Maryani, Bradley, Cahill, & 

Gehing, 2001; Morse, Pironcheva, & Gehring, 2004; Wang, Gehring, Cahill, & 

Irving, 2007) manner. Moreover, our previous observations suggest that transmission 

of AtPNP-A signal may also involve ROS signalling (see chapter 4) and we cannot 

exclude the possibility that other secondary messengers involved in the 

AtPNP-A-dependent signalling are still to be discovered. Until now it is not clear 

which proteins are involved in either cGMP-dependent or cGMP-independent 

physiological changes caused by AtPNP-A. With the exception of the 

AtPNP-A-dependent up-regulation of its own level (Wang et al., 2011), expression of 

no other protein positively or negatively regulated by AtPNP-A has been reported. 

The nature of the signalling events taking place due to the action of AtPNP-A, let 

alone the exact regulatory pathways affected by the protein, is unknown. Therefore, to 

decipher BPs affected by AtPNP-A, we decided to investigate if the rapid 

AtPNP-A-dependent physiological responses observed in planta are reflected in the 

proteome of suspension-cultured A. thaliana cells treated with physiological 

concentrations of the biologically active AtPNP-A peptide. In addition, correlation of 

the large-scale proteomics data with results of pull-down assays preformed on SCCs 

(see section 2.3.2) is expected to reveal proteins which expression is differentially 

regulated by AtPNP-A, probably as a result of the direct physical interaction 

occurring between these two proteins. 

Since the amount of irPNP in leaf and stem of D. godseffiana has been estimated to be 

approximately 100 ng/g of tissue (Vesely & Giordano, 1991), similar sub-nanomolar 
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levels of AtPNP-A expressed by unstressed A. thaliana can be expected. This 

semi-physiological concentration was used as a starting point in selecting two 

concentrations used in the treatment. Previous experiments revealing the probable role 

of oxidative burst in AtPNP-A dependent signalling in SCCs (see chapter 4) made it 

interesting to investigate AtPNP-A signalling events that involve and those that do not 

involve ROS signaling. For that reason, the lowest concentration of the biologically 

active AtPNP-A peptide that has been shown to give statistically significant ROS 

accumulation over time-course of this preliminary experiment (10 – 30 min) was used 

in the proteomics study to identify AtPNP-A signalling events that include 

ROS-dependent changes, while the highest concentration of the biologically active 

AtPNP-A peptide that did not lead to statistically significant ROS accumulation over 

the time-course of this experiment was used to identify AtPNP-A-dependent 

responses that are independent on ROS accumulation. Hence, the peptide was used at 

the final concentration of 1 nM and 10 pM and negative controls consisting of the 

mock-treated cells (it est cells treated with the same amount of water that was used for 

the treatment with the peptide) were prepared. Four biological samples were collected 

at 0, 5, 10, 30, and 60 min post-treatment for each treatment. To identify rapid 

signalling events resulting from AtPNP-A activity, rather than transcriptional 

changes, further analysis was performed with three out of four biological replicates 

for each treatment collected at 0, 10, and 30 min post-treatment, excluding late  

(60 min) response. The time-points of the cells sampling are in agreement with 

AtPNP-A dependent ROS accumulation caused by 1 nM, but not 10 pM AtPNP-A, 

observed both at 10 and 30 min post-treatment (see chapter 4). 

Proteome-wide quantitative profiling of proteins that are differentially regulated in 

cells treated with signalling molecules has proven to be a powerful technology 
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enabling pinpointing the proteins and processes affected by the treatment in various 

biological systems. Generally, MS-based quantification strategies that have been 

developed over the years for quantitative analysis of proteomic differences can be 

divided into label-free and label-based approaches. The former employ spectral 

counting (used in the pull-down experiments; see chapter 2) and ion-density based 

quantification, while the latter utilizes enzymatic, metabolic or chemical labelling 

techniques (Wasinger, Zeng, & Yau, 2013). Well-established methods involving 

chemical modification of proteins or peptides with stable-isotope labels are widely 

used due to their ability of multiplexed analysis of several samples within a single 

LC-MS/MS run, hence significantly decreasing both instrument time and cost of MS 

spectra acquisition as well as the variations introduced during sample preparation and 

MS analysis.  

Among the strategies employing chemical labelling, TMT sixplex is the most robust 

commercially available method allowing up to six different samples to be compared 

in a single MS run, thus significantly increasing experimental throughput for protein 

quantitation (Pichler et al., 2010). Although reproducibility of protein quantification 

was found to be comparable between TMT sixplex and label-free strategy, the latter 

was found to be less accurate (Megger et al., 2014). In addition, the ability of TMT 

sixplex to quantify more statistically significant (p-value < 0.05) proteins than TMT 

duplex has been reported (Rauniyar, Gao, B, & Yates III, 2013), thereby making 

TMT sixplex a method of choice in our large-scale experiment aimed at comparison 

of protein expression ratios between cells treated with different concentrations of 

AtPNP-A and mock-treated cells . 

Although TMT labelling at the protein level is known to reduce the effect of 

underestimation of protein ratios that is commonly observed in case of TMT labelling 
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of peptides, protein labelling diminishes the quantification abilities of the technique 

(Megger et al., 2014). Since in the TMT protein labelling the efficiency of digestion 

with trypsin is reduced due to obstructed Lys residues, TMT labels were introduced to 

the tryptic peptides, and not proteins, in order to increase the number of labelled 

species, thereby increasing the proteome coverage. 

Moreover, to decrease complexity of the samples prior to the MS analyses, OFFGEL 

electrophoresis - a novel method of proteins or peptides separation according to their 

pIs - was used. Resolving the TMT-labelled peptides on a high-resolution IPG strip of 

a broad pH range (pH 3-10) enabled obtaining a high resolution of the peptides and 

recovering separated components in liquid phase in 24 fractions per each sample 

(Dayon & Sanchez, 2012).  

Compilation of the large-scale proteomics data involving relative quantitation of 

protein expression promises to reveal several proteins, including hub proteins, which 

expression is regulated by physiological concentrations of AtPNP-A, giving insight 

into the time- and concentration-dependent signalling network involving the PNPs. 
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5.2. MATERIALS AND METHODS 

5.2.1. Cell suspension culture of Arabidopsis thaliana 

SCC of A. thaliana (Col-0) were grown as described previously (see section 4.2.5.1).  

5.2.2. Confirmation of the proper pattern of protein expression 

The appropriate expression pattern of the protein expressed by SCC was confirmed 

both using one-dimensional (1D) and two-dimensional (2D) PAGE. After total 

soluble protein extraction (see section 5.2.4) from untreated cells, a total of 20 µg of 

proteins per each sample was reduced and loaded on 1D gel and subsequently stained 

with Coomassie Brilliant Blue, and de-stained.  

5.2.2.1. Sample preparation for 2D-PAGE and IPG strip rehydration 

For 2D gel electrophoresis performed using a 7 cm long immobilized pH gradient 

(IPG; Linear Immobiline DryStrip pH range 3-10; GE Healthcare, Sweden), 75 µg of 

proteins were suspended in isoelectric focusing (IEF) rehydration buffer containing  

7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), 0.002% (w/v) bromophenol blue. After thorough 

vortexing, the sample was centrifuged at 20 800 × g for 2 min, spread out in the 

channel of a fresh disposable rehydration tray over a region slightly smaller than the 

IPG strip size. IPG strip was subsequently placed on top of the mixture, gel side 

facing down, ensuring sample spread over entire length of the strip without 

introducing air bubbles. After that, a protective thin layer was formed by addition on 

top of the strip some Immobiline DryStrip (GE Healthcare, Sweden) cover fluid. After 

overnight rehydration of the strip, preparations for the isoelectric focusing took place.  
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5.2.2.2. IEF – the first dimension of 2D-PAGE 

The IPG strip was gently taken out of the swelling tray and rinsed by spraying with 

water. Excess water was dried using a lint-free wipe and the strip was placed onto the 

manifold positioned on the IPGphor platform. Two paper wicks wetted with water 

were placed on ends of the gel and the strip was covered with Immobiline DryStrip 

cover fluid. Electrode assemblies were placed on top of the strip, ensuring they were 

in contact with the wicks. IEF was run using two-dimensional difference gel 

electrophoresis (2D DIGE) machine (GE Healthcare, Sweden) at 20°C in three steps: 

500 V for 250 Vhs, followed by 1000 V for 500 Vhs, followed by 10000V for 

12000 Vhs. The maximum current of the run was 1000 V, while the maximum 

voltage was set as 75 µA per strip.  

5.2.2.3. SDS-PAGE – the second dimension of 2D-PAGE 

After completion of the isoelectric focusing, the IPG strip was incubated with gentle 

shaking for 15 min in 15 mL of equilibration solution containing 50 mM Tris-HCl 

(pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.002% (w/v) bromophenol 

blue, and 0.06 M DTT. After decanting the buffer, the strip was incubated with 

shaking for 15 min in 15 mL of equilibration solution with addition of 0.135 M IOA 

instead of DTT. Upon buffer removal the strip was rinsed with SDS-PAGE running 

buffer (25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) in preparation for the second 

dimension of 2D-PAGE. The strip was loaded on 12% resolving gel upon cutting off 

one plastic end of the strip, avoiding excising the gel itself. The molecular marker, 

prepared by reducing the proteins in two-times concentrated reducing buffer, vortexed 

and incubated for 95°C for 5 min, centrifuged at 20 800 × g for 5 min, was loaded 

onto the 12% resolving gel by pipetting 10 µL of standards onto a 4 x 4 mm piece of 

Whatman paper (GE Healthcare, Sweden) and allowed to dry. Subsequently, the 
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paper containing the marker was placed on one end of the gel, far away from the strip. 

Instead of stacking gel, the resolving gel with the marker and the IPG strip was 

overlayed with melted sealing agarose gel solution containing 0.5% (w/v) low melting 

agarose and 0.002% (w/v) bromophenol blue in 1x SDS-PAGE running buffer. 

Electrophoresis was conducted at 50 V for 10 min until the dye was about 5 mm into 

the gel, after which it was increased to 120 V and run until the dye reached the bottom 

of the gel.  

5.2.2.4.  Gel fixation, staining and visualisation of the spots 

After completion of SDS-PAGE run, the gel was transferred to a clean tray with  

100 mL of fixing solution containing methanol, glacial AcOH, and sterile water in 

volume ratio 4:1:5. The gel was fixed for 1 h with gentle shaking and then washed 

twice (15 min each time) with sterile water with gentle shaking. Staining with 

approximately 70 mL SYPRO Ruby stain (Life Technologies, USA) was conducted 

for 2 h with gentle shaking in the dark, and a 30 min de-staining of the gel with 

solution containing methanol, AcOH and sterile water in volume ratio 1:0.7:8.3 was 

performed in the dark. Next, the de-stained gel was washed twice with water, for 

5 min each time. The image was acquired using Typhoon FLA 700 imaging system 

(GE Healthcare, Sweden) by scanning the gel with the laser with excitation source at 

532 nm and emission filter at 610 nm. 

5.2.3.  Treatment of suspension-cultured Arabidopsis cells with AtPNP-A 

Suspension-cultured Arabidopsis cells, grown and regularly sub-cultured for at least 

two months, were treated with biologically active synthetic peptide (GenScript, NJ, 

USA) containing active region of AtPNP-A (aa 36-69; disulphide bridge 7-30; purity 

> 85%) at the final concentration of 1 nM and 10 pM, or with equal volume of water 
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(negative controls). Four biological replicates of cells treated either with AtPNP-A 

peptide or with water were collected at 0, 5, 10, 30, and 60 min post-treatment. Media 

were drained off using Stericup filter unit (EMD Millipore, USA) and the cells were 

immediately flash frozen in liquid nitrogen and stored at -140°C until further use. 

5.2.4.  Total soluble protein extraction 

Approximately 1 g of cells was homogenized for 4 sec twice in 10 volumes of  

ice-cold 10% (w/v) trichloroacetic acid (TCA) in acetone using a PowerGen 125 

grinder (Fisher Scientific, USA), vortexed for 2 min and incubated overnight at -

20°C. Precipitated proteins were pelleted by centrifugation using the Allegra X-22R 

centrifuge (Beckman Coulter Corp., USA) at 3 901 × g for 20 min at 4°C. The pellet 

was washed four times with 80% (v/v) ice-cold acetone with vigorous vortexing and 

pelleted by centrifugation at 3 901 × g for 20 min at 4°C after each wash. Excess 

acetone was evaporated by air-drying, and proteins were re-suspended in two volumes 

of re-solubilisation buffer 1 (7 M urea, 2 M thiourea, phosphatase inhibitor cocktail 

set II (Calbiochem, USA)) with vigorous vortexing for 3 h at room temperature. 

Protein re-solubilisation steps were repeated twice – firstly in re-solubilisation buffer 

1 for at least 2 h, and secondly overnight in re-solubilisation buffer 2 (7 M urea, 2 M 

thiourea, 4% (w/v) CHAPS, phosphatase inhibitor cocktail set II (Calbiochem)). The 

samples were cleared out by centrifugation at 3 901 × g for 20 min at room 

temperature and total soluble protein concentration was estimated by Bradford assay 

(Bradford, 1976) using the Quick Start Bradford reagent (Bio-Rad, USA) and BSA as 

a standard. Absorbance was measured at λ = 595 nm on Biophotometer Plus 

(Eppendorf, Germany). Aliquots of protein extracts were stored at -80°C until further 

use. 
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5.2.5. Trypsin digestion of extracted proteins 

Approximately 1 mg of total soluble protein extract was reduced with 5 mM DTT for 

2 h at 37°C. Upon cooling down, proteins were alkylated with 14 mM IOA for 30 min 

at room temperature in the dark. Unreacted IOA was quenched by increasing DTT 

concentration to 10 mM and further incubation for 15 min at room temperature in the 

dark. Proteins were diluted to 1.5 M urea with 50 mM triethylammonium bicarbonate 

(TEAB) buffer (Sigma-Aldrich, USA) and incubated overnight at 50:1 ratio with  

sequencing-grade modified trypsin (Promega, USA) in low-bind eppendorf tubes 

(Eppendorf, Germany) at 37°C with gentle agitation. The protein digestion was 

stopped by acidification of the mixture to pH 2.0 with trifluoroacetic acid (TFA).  

5.2.6. Desalting of tryptic peptides 

Peptides were purified using Sep-Pak Vac tC18 100 mg cartridges (Waters, USA). The 

columns were first conditioned with 3 mL of ACN, after which they were washed 

with 3 mL of solution containing 0.5% (v/v) AcOH in 50% (v/v) ACN. Upon 

additional wash of the cartridges with 3 mL of 0.1% (v/v) TFA, samples of acidified 

tryptic peptides were loaded to the columns. Unbound material was washed off with 

3 mL of 0.1% (v/v) TFA, upon which TFA was removed by washing the cartridges 

with 0.25 mL of 0.5% (v/v) AcOH. Purified peptides were eluted with 1 mL of 

solution containing 0.5% (v/v) AcOH in 50% (v/v) ACN. Fractions of elution were 

collected into low-bind tubes (Eppendorf, Germany), and the peptides were 

completely dried in a Speed Vac concentrator (Thermo-Scientific, Germany).  
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5.2.7. Peptide labelling using TMT 

Dried desalted tryptic peptides obtained from digestion of 1 mg protein were  

re-suspended in 20% (v/v) ACN and half of the volume was subjected to labelling 

reaction using TMTsixplex isobaric mass tagging kit (Thermo Scientific, USA) 

performed according to the manufacturer’s instructions. Each of the labelling reaction 

mixtures contained the TMT reagents (0.8 mg) dissolved in 41 µl of anhydrous ACN 

and 0.5 mg of the tryptic peptides in 95 µl of 20% (v/v) ACN. Aliquots of the 

negative control (samples collected at 0, 10 and 30 min after treating the cells with 

water) trypic digests were derivatized with sixplex chemical labels 126, 127, and 128, 

respectively, while labels 129 and 130 were added to the tryptic peptides of samples 

collected at 10 and 30 min after treating cells with AtPNP-A peptide. Upon 1 h 

incubation, reactions were quenched by 15 min incubation with 8 µl of 5% (w/v) 

hydroxylamine. Samples were subsequently combined at equal amounts and stored at 

-80°C until further use. 

5.2.8. Peptide fractionation with OFFGEL fractionator 

Peptides were fractionated using the 3100 OFFGEL fractionator (Agilent 

Technologies, USA) with a 24-well high resolution IPG strip (pH range 3-10). 

Peptide samples were diluted to a final volume of 1.8 mL with 1.25-times 

concentrated peptide OFFGEL stock solution [50% (v/v) glycerol solution, 10% (v/v) 

OFFGEL buffer pH range 3-10]. Strips were rehydrated, as recommended by the 

manufacturer, with 40 µL of IPG strip rehydration solution per well for 15 min. Then 

150 µL of sample was pipetted into each well. Electrofocusing was carried out to  

64 kVh at 20°C, allowing a maximum of 4500 V and 50 µA per strip. After focusing, 

the 24 fractions were separately collected (per each concentration of AtPNP-A used) 
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and the wells rinsed with 200 µL of a solution containing 50% (v/v) ACN and 5% 

(v/v) FA twice, each time with 15 min incubation. Rinsing solution was collected into 

the tube of their corresponding fraction. After drying in a Speed Vac concentrator, the 

fractions were suspended in 0.1% (v/v) TFA and purified with Sep-Pak Vac tC18 

cartridge (Waters, USA) as described previously (see section 5.2.6). From each 1 mL 

fraction of elution from Sep-Vac cartridge per each OFFGEL fraction, a volume of 

100 µL was subjected to proteomics analysis, while the remaining 0.9 mL was kept 

aside for phosphoproteomics analysis to be conducted in the future. Peptides present 

in both volumes were dried in Speed Vac concentrator. Subsequently, the dried 

peptides contained in the samples for AtPNP-A dependent phosphoproteomics studies 

were kept at -140°C until further use, while the samples for AtPNP-A dependent 

proteome studies were subjected to reverse-phase sample preparation for MS analysis. 

5.2.9. Reverse-phase sample preparation for MS  

Desalted and dried peptides contained in samples subjected to proteomics analysis 

were suspended in 10 µL of 0.1% (v/v) TFA and purified using ZipTipC18 (P-10) 

pipette tips (EMD Millipore, USA) according to manufacturer’s recommendations, 

using two ZipTips per sample. Briefly, each ZipTip was conditioned twice with 10 µL 

of wetting solution consisting of 100% (v/v) ACN, and subsequently equilibrated 

twice with 10 µL of solution containing 0.1% (v/v) TFA. Binding of the peptides to 

the resin of the tip was achieved by aspirating and dispensing each sample ten times. 

After washing the chromatography media thrice with 10 µL of 0.1% (v/v) TFA, the 

peptides were eluted by aspirating and dispensing 10 µL of solution containing 0.1% 

(v/v) TFA and 50% (v/v) ACN. Elution step was repeated, and fractions of elution 

from two ZipTips per sample were collected to the same low-bind tube followed by 

complete drying in Speed Vac concentrator in preparation for MS analysis. 
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5.2.10. Identification of peptides by LTQ-Orbitrap 

Dried peptides were re-suspended in 20 µL of solution containing 0.1% (v/v) FA in 

5% (v/v) ACN and spun down for 10 min at 19 000 × g in Eppendorf microcentrifuge 

5430 R (Eppendorf, Germany). Each sample was analysed by MS either in three 

biological replicates (in case of samples obtained from 1 nM AtPNP-A treatment and 

corresponding mock-treatment) or duplicates (in case of samples obtained from 

10 pM treatment and corresponding mock-treatment). The solution was analysed on 

an LTQ Orbitrap mass spectrometer (Thermo-Scientific, USA) operated in positive 

mode and coupled with a nanoESI (Proxeon Biosystems, Denmark) for 

nano-LC-MS/MS analyses. A volume of 5 µL of peptide mixtures was injected onto a 

Magic C18 AQ 5 µm, 200 Å, 0.3 mm × 50 mm-long pre-column (Michrom, USA) and 

a Magic C18 AQ 3 µm, 200 Å, 0.1 mm × 150 mm-long column (Michrom, USA). A 

spray voltage of 1500 V was applied. The mobile phases consisted of 0.1% (v/v) FA 

and 5% (v/v) ACN (A) and 0.1% FA and 90% ACN (B). A three step gradient of 

0-40% B in 20 min, then 40-90% B in 5 min and finally 90% B for 20 min with a 

flow of 300 nL min-1 over 45 min was applied for peptide elution. The MS scan range 

was m/z 350.00 to 1600.00 and the normalized CID at 35.0 V. The top 10 precursor 

ions were selected in the MS scan by Orbitrap with resolution of 60000 for 

fragmentation in the linear ion trap. The spray voltage was set at 1.5 kV, the capillary 

voltage of 47.5 V, the capillary temperature of 250°C, and the sheath and auxiliary 

gas flow at 35 and 15, respectively. Data were recorded with the Xcalibur software 

version 2.1 (Thermo Scientific, USA) and converted from .raw to .mgf with Proteome 

Discover version 1.2.0.208 (Thermo Scientific, USA). All spectra were submitted to a 

local MASCOT (Matrix Science, UK) and SEQUEST (Thermo Scientific, USA) 

servers and searched against A. thaliana in the TAIR database (release 10), with a 
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precursor mass tolerance of 10 ppm, a fragment ion mass tolerance of ± 0.5 Da, and 

strict trypsin specificity allowing up to one missed cleavage, carbamidomethyl 

modification on Cys residues as fixed modification, and oxidation of Met residues and 

phosphorylation of Ser, Thr and Tyr residues as variable modifications. Proteins were 

considered positive if Mascot ion score was > 32 and/or the Sequest Xcorr was at 

least 2.0. Data were further analysed and quantitated with Scaffold Q+ version 4.0.4. 

Proteins were considered positive identifications if they were identifies with a 

minimum of 1 peptide (peptide threshold of 90%) at the protein threshold of 95%. 

5.2.11. Quantitative analysis of protein abundance 

Abundances of proteins identified either using MASCOT or SEQUEST search 

engines, with protein threshold of 95%, minimum 1 peptide, and peptide threshold of 

90%, were subsequently quantified using TMT quantitation tool in Scaffold Q+ 

proteome software, version 4.0.4 (Proteome Software, USA). The proteins were 

normalized on the basis of the assumption that total intensity remained the same for 

each of the tags used. Upon normalization data obtained from each biological 

replicate were used for determining differentially expressed proteins at different 

time-points post-treatment. Abundances of proteins that were considered positive 

identifications from AtPNP-A-treated cells were compared with abundances of 

proteins expressed by mock-treated cells collected at the same time-point. Expression 

fold change for each protein identified and quantified in each biological replicate was 

quantified by subtraction of the value corresponding to the mock-treated samples 

from the value corresponding to the AtPNP-A treated samples. In order to accurately 

identify proteins which expression is regulated upon treatment with AtPNP-A, only 

proteins identified as differentially expressed with regard to their mock-treated 

counterpart collected at the same time-point (negative control) (p-value < 0.05; 
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Mann-Whitney test) in at least two out of three biological replicates, each time with at 

least |±1.5|-fold change (i.e. Log2 fold change ≥ ±0.6), were considered significant. 

5.2.12. Computational analyses 

The GO and functional categorization analyzes of differentially expressed proteins 

were performed on TAIR (http://www.arabidopsis.org/tools/bulk/go/index.jsp; 

February 2014). Transcriptional profiles of proteins that are affected by AtPNP-A 

were analyzed using Genevestigator (https://www.genevestigator.com/gv/plant.jsp 

(Zimmermann et al., 2004); February 2014). 
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5.3. RESULTS 

5.3.1. Verification of a proper expression of proteins by SCC 

In order to confirm that the SCC of A. thaliana (Col-0) appropriately express proteins, 

not being affected by stress conditions, and to verify whether the protein precipitation 

and extraction procedures lead to the amount of protein that is sufficient for 

large-scale proteomics study, soluble proteins were extracted (with the first 

re-solubilisation buffer, without a use of a detergent) from a sample of untreated cells 

and were analysed by both 1D- and 2D-PAGE. Visual representation of the separation 

of the extracted proteins expressed by suspension-cultured A. thaliana cells does not 

show bands corresponding to low MW proteins or peptides that would indicate 

protein degradation (Figure 5.1 A).  

A)  B)  

    

    

 

 
Figure 5.1. Visualisation of the proteins extracted from untreated SCC resolved by 1D 
(A) and 2D (B) gel electrophoresis. 

Comparison of the 2D-PAGE image (Figure 5.1 B) with exemplar images of gels 

resolving proteins extracted from untreated SCC found in scientific literature (Lilley 

& Dupree, 2006) confirmed proper protein expression without excessive protein 

degradation. 
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5.3.2. Treatment with biologically active AtPNP-A peptide 

After confirmation of the proper protein expression, the cells were subjected to the 

large-scale treatment with the peptide. Four biological replicates of cell cultures were 

prepared per each collection point in each treatment. In total, 72 flasks containing 

SCC were prepared, with the last sub-culturing performed 8 days prior to the 

treatment. Two final concentrations of the biologically active AtPNP-A were used 

(i.e. 1 nM and 10 pM) for the treatment, enabling investigation of the 

AtPNP-A-dependent signalling events including and excluding involvement of ROS 

signals, respectively. To capture only the changes in protein expression that occurred 

due to AtPNP-A action, and to exclude those resulting from the experimental design 

(e.g. stopping of the shaking), an analogical biological replicate time courses of 

mock-treated cells (negative controls) were conducted. Cells were treated either with 

the peptide or with corresponding volume of water and were collected at 5 different 

time-points (i.e. 0, 5, 10, 30, 60 min post-treatment). 

5.3.3. Samples preparation for large-scale proteomics studies 

Workflow of the sample preparation for proteomics analysis is given in Figure 5.2. 

Three out of four biological replicates of samples collected before the treatment and at 

10 and 30 min after treatment with 1 nM or 10 pM AtPNP-A or water were processed 

further, while the samples of the fourth biological replicate were stored at -140°C as a 

back-up. Homogenization of the 1 g samples of collected cells done in ice-cold 10% 

(w/v) TCA in acetone is known to quickly inactivate proteases and allows for 

de-lipidation of the membranes and increases the amount of membrane-associated 

protein released. Moreover, large amount of starting material enables obtaining large 

quantities of protein necessary for conducting large-scale proteomics studies. 
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Overnight protein precipitation with ice-cold TCA in acetone enables removal of 

small interfering species and allows for high concentration of the resulting 

precipitated proteins. Four washes with 80% (v/v) acetone remove residual traces of 

TCA that may have a negative impact on downstream steps of sample processing. 

Removal of acetone from the samples was performed by air drying only for up to  

15 min to prevent from over-drying of the pellet that could lead to lower yield of 

recovered protein. 

      

 
 

Figure 5.2. Generalized experimental design of the large-scale quantitative proteomics 
study. 

Since solubilisation of hydrophobic proteins can be facilitated by the usage of high 

concentration of urea, and the solubility of highly hydrophobic proteins (e.g. 

membrane proteins) can be significantly increased by the addition of non-ionic or 

zwitterionic detergents, sequential three-step solubilisation of the precipitated proteins 
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in strong re-solubilisation buffers containing 7 M urea, 2 M thiourea, phosphatase 

inhibitors without detergent (first re-solubilisation buffer) or with 4% (w/v) CHAPS 

(re-solubilisation buffer for the second and third solubilisation steps) was performed. 

This enables efficient re-solubilisation of thousands of proteins in conditions 

inhibiting proteases and phosphatases, hence preserving existing sites of 

phosphorylation. Three fractions of re-solubilised proteins were obtained for each 

sample, and the fractions not containing detergent have been directly used for gel-free 

methods, while CHAPS-containing fractions would require either gel-based methods 

of analysis or an additional step of detergent removal prior to gel-free downstream 

methods of sample processing. Vast majority of soluble proteins was extracted during 

the first step of re-solubilisation and 1 mg aliquots of these samples were 

subsequently used for further steps of sample processing.  

In order to increase the amount of species amenable to the labelling strategy 

employed in the further stage of the protocol, proteins present in the samples were 

digested prior to the labelling. To increase the extent of enzymatic digestion 

performed using sequencing grade modified trypsin, reduction of disulphide bonds 

and alkylation of the free Cys residues of the proteins contained in the samples was 

performed. Since it has been reported that the activity of trypsin is inhibited in the 

presence of high concentration of urea (Viswanatha & Liener, 1955), the 

concentration of urea in the samples was decreased to 1.5 M and the pH of the 

samples was adjusted to pH > 7.0 prior to addition of the enzyme to the samples. To 

ensure complete digestion of the proteins, the reactions were performed overnight 

(15 h) at 37°C with gentle mixing, at the trypsin to protein ratio of 1:50. Reactions 

were terminated by decreasing pH of the samples to 2.0 with TFA, therefore 

preparing the samples for desalting prior to labelling with TMT reagents. Obtained 
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tryptic peptides were labelled with TMT sixplex reagents that allow up to six different 

samples to be compared in a single MS run. TMT sixplex consists of isobaric set of 

six mass tags (chemical labels) with five isotopic substitutions (Thompson et al., 

2003). The tags contain four regions, namely: a mass reporter region (M), a cleavable 

linker region (F), a mass normalization region (N), and a protein reactive group (R) 

(Figure 5.3 A). The R group specifically reacts with N-terminal amine groups and 

ε-amine groups of Lys residues, hence attaching the isobaric tags to the peptides or 

proteins. The chemical structures of all the tags are identical, but each of them 

contains isotopes substitutes at different positions (Figure 5.3 B).  

A)  B)  

 

 

 

 

Figure 5.3. Structural design of the amine-reactive TMT reagents. (A) Functional regions 
of the TMT reagent structure (Dayon et al., 2008). (B) TMT sixplex reagent structures with 
13C and 15N heavy isotope positions (red asterisks) (from TMT Mass Tagging Kits and 
Reagents Instructions 2073.11, 2013; Thermo Fisher Scientific, USA).  

The N groups balance the mass difference among the reporter ion groups, so that the 

combined M-F-N-R regions of the tags have the same total MW and structure. In 

accordance to that, during chromatographic separation and in single MS mode, 

molecules labelled with various tags are indistinguishable. Instead, in MS/MS mode 

the N moiety is released as a neutral loss, giving rise to a singly charged reporter ion. 

Intensities of the reporter ion peaks are used as a measurement of the abundance of 

the peptide – and subsequently the protein – between the differently labelled samples 

(Figure 5.4). 
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Figure 5.4. Summary of the MS experiments employing TMT sixplex reagents. The 
relative abundance of the target peptide fragment in six different samples is measured by 
comparing the signature mass peaks generated by the different mass tags. Since five samples 
were collected in each experiment, five TMT sixplex reagents (m/z 126, 127, 128, 129, 130) 
were used and m/z 131 TMT was not included (from TMT Mass Tagging Kits and Reagents 
Instructions 2073.11, 2013; Thermo Fisher Scientific, USA).  

Design of peptide labelling with TMT sixplex reagents in different samples is given 

below:  

- mock-treated cells collected at 0 min post-treatment - m/z 126 TMT 

- mock-treated cells collected at 10 min post-treatment - m/z 127 TMT 

- mock-treated cells collected at 30 min post-treatment - m/z 128 TMT 

- AtPNP-A-treated cells collected at 10 min post-treatment - m/z 129 TMT 

- AtPNP-A-treated cells collected at 30 min post-treatment - m/z 130 TMT. 

The m/z 131 TMT chemical reagent was not used since only five samples were 

analysed per each biological replicate. Upon desalting and drying in Speed Vac, 

peptides contained in each of the five samples were re-suspended in 20% (v/v) ACN 

before addition of each TMT label (0.8 mg) dissolved in anhydrous ACN, to ensure 

stability of the TMT reagents. After quenching of the reactions, samples were 
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combined at the same amounts and fractionated to decrease samples complexity prior 

to the MS analyses.  

OFFGEL electrophoresis that separates proteins or peptides according to their pIs was 

a method of choice due to its ability to recover separated components in liquid phase. 

Usage of a high-resolution IPG strip of a broad pH range (pH 3-10) enabled both the 

highest resolution of the peptides characterised by broad pI range (between 3-10) and 

collection of 24 fractions, thereby profound reduction of sample complexity. Upon 

drying, peptides contained in each fraction were desalted, and 10% (v/v) of eluted 

peptides were cleaned up using reverse-phase chromatography of ZipTip C18 and 

subsequently analysed with LTQ Orbitrap, while remaining 90% (v/v) of eluted 

peptides were stored for further phosphoproteomics analysis. In total, 144 samples 

containing OFFGEL-fractionated peptides have been processed and analysed on LTQ 

Orbitrap in three (in case of samples obtained from the treatment of cells with 1 nM 

AtPNP-A) or two (in case of samples obtained from the treatment of cells with 10 pM 

AtPNP-A) technical replicates. 

5.3.4. AtPNP-A-dependent differential protein expression  

All proteins identified at each time-point upon treatment with either 1 nM or 10 pM 

concentration of AtPNP-A were subjected to quantitative analyzes (so that proteins 

identified 10 min and 30 min upon treatment with the same concentration of 

AtPNP-A were analyzed separately). To overcome problems arising from biological 

and technical variability, a conservative approach of data analysis was employed. 

Firstly, samples obtained from each biological replicate have been analysed of 

LC-MS/MS in technical triplicates or duplicates. Secondly, proteins quantified upon 

combining quantitative data from all technical replicates corresponding to samples 
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obtained from AtPNP-A-treated cells collected at certain time-point post-treatment 

were compared with proteins quantified upon combining quantitative data from three 

technical replicates corresponding to mock-treated cells collected at the same 

time-point post-treatment (negative control). Thirdly, in order to accurately identify 

proteins which expression is regulated upon treatment with AtPNP-A, only proteins 

identified as differentially expressed with regard to their mock-treated counterpart 

collected at the same time-point (negative control) (p-value < 0.05; Mann-Whitney 

test) in at least two out of three biological replicates, each time with at least |±1.5|-fold 

change (i.e. Log2 fold change ≥ ±0.6), were considered significant. 

A total of 4641 proteins (0.6% false discovery rate (FDR)) in the case of cellular 

response to 1 nM AtPNP-A and a total of 4436 proteins (1.4% FDR) in the case of 

cellular response to 10 pM AtPNP-A was revealed. Only a few of these proteins 

fulfilled our requirement (at least |±1.5| fold-change (p-value < 0.05; Mann-Whitney 

test) in at least 2 out or 3 biological replicates (per each time-point and peptide 

concentration used) for being considered as differentially expressed upon treatment 

with AtPNP-A with good confidence. The first group includes 16 proteins 

differentially expressed in response to 1 nM AtPNP-A (Tables 5.1 and 5.2), while the 

second group yielded 39 proteins differentially expressed in response to 10 pM 

AtPNP-A (Tables 5.3 to 5.6). 

5.3.4.1. Proteins differentially expressed upon treatment with 1 nM AtPNP-A 

Proteins differentially expressed 10 and 30 min after treatment with 1 nM AtPNP-A 

are given in Tables 5.1 and 5.2. Three out of nine proteins with significant 

accumulation after 10 min participate in cellular membrane fusion (GO:0006944) 

(Table 5.1).  
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Table 5.1. Annotation of proteins differentially expressed in response to the treatment of 
cells with 1 nM AtPNP-A peptide 10 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At3g24350.1^ Syntaxin of plants 32 (SYP32)  A, B 1.70 
At4g32400.1 Embryo defective 42 (EMB42) 

 

A, C, D, E, F, G 1.30 
At2g37230.1 Tetratricopeptide repeat (TPR)-

like superfamily protein 
 

Unknown 
 

1.10 

At1g52300.1 Zinc-binding ribosomal protein 
family protein (RPL37B) 
 

H, I, J 
 

1.05 

At2g32120.1^ Heat-shock protein 70T-2 
(HSP70T-2) 
 

K, L, M, N 0.95 

At5g07470.1 Peptidemethionine sulfoxide 
reductase 3 (PMSR3) 
 

A, O, P 0.93 

At3g58640.1 Mitogen activated protein kinase 
kinase kinase-related 
 

Q, R 0.75 

At3g29090.1 Pectin methylesterase 31 
(PME31) 
 

S, T 0.70 

At3g61050.1 Calcium-dependent lipid-binding 
protein (AtCLB) 
 

U, V, W, X 0.70 

At3g16410.1 Nitrile specifier protein 4 (NSP4) 
 

Y, Z 
 

-0.80 
Only proteins showing significant (p-value < 0.05) at least 1.5-fold change of expression in at least 2 
out of 3 biological replicates are presented. GO terms include BP categories. A – Cellular membrane 
fusion (GO:0006944); B – Intracellular protein transport (GO:0006886); C – Negative regulation of 
programmed cell death (GO:0043069); D – Nucleotide biosynthetic process (GO: 0009165); E – 
Transport (GO:0006810); F – Regulation of plant-type hypersensitive response (GO:0010363); G – 
Embryo development ending in seed dormancy (GO:0009793); H – Ribosome biogenesis 
(GO:0042254); I – RNA methylation (GO:0001510); J – Translation (GO:0006412); K – Response to 
heat (GO:0009408); L – Protein folding (GO:0006457); M – Response to high light intensity 
(GO:0009644); N – Response to hydrogen peroxide (GO:0042542); O – Response to oxidative stress 
(GO:0006944); P – Response to light stimulus (GO:0009416); Q – Protein glycosylation 
(GO:0006486); R – Protein phosphorylation (GO:0006468); S – Pectin metabolic process 
(GO:0045488); T – Cell wall modification (GO:0042545); U – Positive gravitropism (GO:000958);  
V – Negative regulation of transcription, DNA-dependent (GO:0045892); W – Response to salt stress 
(GO:0009651); X – Response to water deprivation (GO:0009414); Y – Glucosinolate catabolic process 
(GO:0019762); Z – Nitrile biosynthetic process (GO:0080028). A caret (^) indicates a protein which 
animal analogue has been implicated in NP signalling in animals. 
 

Three out of nine proteins with significant accumulation after 10 min participate in 

cellular membrane fusion (GO:0006944) (Table 5.1). This may indicate AtPNP-A 

dependent enhancement of intracellular transportation that would be consistent with 

cellular changes at transcriptional and/or translational level known to occur in cells 

upon treatment with AtPNP-A (Meier et al., 2008; Wang, Donaldson, et al., 2011). 
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The cellular membrane fusion category is also over-represented among the proteins 

involved in the response captured at 30 min post-treatment (Table 5.2). 

Table 5.2. Annotation of proteins differentially expressed in response to the treatment of 
cells with 1 nM AtPNP-A peptide 30 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At4g32400.1 Adenine nucleotide translocator 
(EMB42) 
 

A, B, C, D, E, F 1.45 

At3g20120.1 Cytochrome P450, family 705, 
subfamily A, polypeptide 21 
(CYP705A21) 
 

G 0.90 

At3g24350.1^ Syntaxin of plants 32 (SYP32)  A, H 0.87 
At4g23670.1 Polyketide cyclase/dehydrase and 

lipid transport superfamily protein 
 

I, J, K, L, M, N, 
O 

0.85 

At5g17820.1 Peroxidase superfamily protein 
 

G, P, Q, R, S, T 0.65 
At3g23790.1 AMP-dependent synthetase and 

ligase family protein (AAE16) 
 

 0.65 

At2g41730.1 Unknown protein 
 

U -0.80 
At2g37970.1 Heme-binding protein 2 (SOUL-1) 

 

V, W, X, Y, Z -0.70 
 

 

Only proteins showing significant (p-value < 0.05) at least 1.5-fold change of expression in at least 2 
out of 3 biological replicates are presented. GO terms include BP categories. A – Cellular membrane 
fusion (GO:0006944); B – Negative regulation of programmed cell death (GO:0043069); C – 
Nucleotide biosynthetic process (GO: 0009165); D – Transport (GO:0006810); E – Regulation of 
plant-type hypersensitive response (GO:0010363); F – Embryo development ending in seed dormancy 
(GO:0009793); G – Oxidation-reduction process (GO:0055114); H – Intracellular protein transport 
(GO:0006886); I – Water transport (GO:0006833); J – Cysteine biosynthetic process (GO:0019344);  
K – Response to salt stress (GO:0009651); L – Response to biotic stimulus (GO:0009607); M – 
Response to cadmium ion (GO:0046686); N – Response to osmotic stress (GO:0006970); O – 
Response to fructose stimulus (GO:0009750); P – Trichoblast differentiation (GO:0010054); Q – Root 
hair elongation (GO:0048767); R – Transition metal ion transport (GO:0000041); S – Cellular response 
to iron ion starvation (GO:0010106); T – Nitrate transport (GO:0015706); U – Anaerobic respiration 
(GO:0009061); V – N-terminal protein myristoylation (GO:0006499); W – Response to UV-B 
(GO:0010224); X – Response to sucrose stimulus (GO:0009744); Y – Flavonoid biosynthetic process 
(GO:0009813); Z – Red or far-red light signalling pathway (GO:0010017). A caret (^) indicates a 
protein which animal analogue has been implicated in NP signalling in animals. 
 

Moreover, two of the six proteins that are up-regulated 30 min post-treatment are 

reported to have a role in oxidation-reduction processes (GO:0055114) (Table 5.2), 

indicating that AtPNP-A may exert its function – directly or indirectly – via 

modulation of the redox state.  
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Interestingly, animal analogues of two proteins, which expression is up-regulated 

upon treatments with 1 nM AtPNP-A, namely syntaxin of plants 32 (SYP32) (Tables 

5.1 and 5.2) and heat-shock protein 70T-2 (HSP70T-2) (Table 5.2), have been 

implicated in NP signaling in animals (Singer-Lahat et al., 2007; Ferlito et al., 2010; 

Kiemer, Gerbes, Bilzer, & Vollmar, 2002). This observation may indicate at least 

partial overlap of proteinaceous components of NPs signaling in both plant and 

animal kingdom.  

5.3.4.2. Proteins differentially expressed upon treatment with 10 pM AtPNP-A 

The proteins showing up- or down- regulation of their expression 10 min after 

treatment with 10 pM AtPNP-A are listed in Tables 5.3 and 5.4, while those 

differentially expressed 30 min after treatment with 10 pM AtPNP-A are given in 

Tables 5.5 and 5.6. Of the ten proteins with elevated expression during the early 

response to 10 pM AtPNP-A, three are involved in photorespiration (GO:0009853) 

(Table 5.3). Two of the proteins with up-regulated expression 10 min after treatment 

are D and ε chains of mitochondrial ATP synthase involved in ATP synthesis coupled 

proton transport (GO:0015986) (Table 5.3). In contrast, two out of ten proteins 

showing down-regulation 30 min after applying 10 pM AtPNP-A are isoforms of the 

vacuolar H+–ATPase d subunit involved in ATP hydrolysis coupled proton transport 

(GO:0015991) (Table 5.6). Several differentially expressed proteins in response to  

10 pM AtPNP-A are assigned to protein ubiquitination and ubiquitin-dependent 

protein catabolic process (GO:0006511; GO:0042787) (Tables 5.3, 5.4, 5.5, and 5.6), 

protein ubiquitination and proteasome assembly (GO:0043248) (Table 5.5), and 

proteasome core complex assembly (GO:0080129) (Tables 5.3 and 5.4).  
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Table 5.3. Annotation of proteins differentially up-regulated in response to the 
treatment of cells with 10 pM AtPNP-A peptide 10 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At5g21125.1 Unknown protein 
 

Unknown 3.40 
At5g08040.1 Mitochondrial import receptor 

subunit TOM5 homolog (TOM5) 
 

Unknown 1.45 

At5g16760.1 Inositol 1,3,4-triphosphate 5/6-
kinase (ITPK1) 
 

A, B 
 

0.95 

At2g31490.1 Unknown protein 
 

C 
 

0.90 

At3g55010.1 Embryo defective 2818 
(EMB2818) 
 

D, E, F, G, H 0.85 

At1g54410.1 Dehydrin family protein (HIRD11) 
 

I, J 0.75 
At3g23390.1 Zinc-binding ribosomal protein 

family protein 
 

K 0.75 

At1g17880.1 Basic transcription factor 3 (BTF3) 
 

L 0.70 
At3g52300.1 ATP synthase D chain, 

mitochondrial (ATPQ) 
 

C, L, M, N, O, P 0.67 

At1g51650.1 ATP synthase epsilon chain, 
mitochondrial 
 

C, M, Q 
 

0.65 

 

Only proteins showing significant (p-value < 0.05) at least 1.5-fold change of expression in at least 2 
out of 3 biological replicates, are presented. GO terms include BP categories. A – Inositol 
phosphorylation (GO:0052746); B – Myo-inositol hexakisphosphate biosynthetic process 
(GO:0010264); C – Photorespiration (GO:0009853); D – Nucleotide biosynthetic process 
(GO:0009165); E – Ubiquinone biosynthetic process (GO:0006744); F – de novo IMP biosynthetic 
process (GO:0006189); G – Purine nucleotide biosynthetic process (GO:0006164); H – Pyrimidine 
ribonucleotide biosynthetic process (GO:0009220); I – Response to stress (GO:0006950); J – Response 
to water stimulus (GO:0009415); K – Translation (GO:0006412); L – Response to salt stress 
(GO:0009651); M – ATP synthesis coupled proton transport (GO:0015986); N – Response to 
misfolded protein (GO:0051788); O – Ubiquitin-dependent protein catabolic process (GO:0006511); 
P – Proteasome core complex assembly (GO:0080129); Q – ATP biosynthetic process (GO:0006754). 
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Table 5.4. Annotation of proteins differentially down-regulated in response to the 
treatment of cells with 10 pM AtPNP-A peptide 10 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At3g09660.1 Minichromosome maintenance 8 
(MCM8) 
 

A -1.35 

At4g14430.1 Indole-3-butyric acid response 10 
(IBR10) 
 

B, C, D, E, F, 
G, H 

-0.90 

At3g15160.1 Unknown protein 
 

Unknown -0.85 
At3g19450.1 Cinnamyl alcohol dehydrogenase 

4 (CAD4) 
 

I, J, K -0.85 

At1g03860.1* Prohibitin 2 (PHB2)  G, L, M, N, O -0.85 
At5g14340.1 Myb domain protein 40 (MYB40) 

 

P -0.83 
At1g07660.1 Histone superfamily protein 

 

Q -0.80 
At3g55160.1 Unknown protein 

 

N -0.75 
At5g41520.1 Ribosomal protein S10E B 

(RPS10B) 
 

R, S -0.75 

At1g09795.1 ATP phosphoribosyl transferase 2 
(HISN1B) 
 

T, U, V -0.75 

At4g21710.1 Embryo defective 1989 
(EMB1989) 
 

W, X -0.75 

At5g45140.1 Nuclear RNA polymerase C2 
(NRPC2) 
 

O, X -0.73 

At3g62250.1 Ubiquitin 5 (UBQ5) 
 

R, Y -0.67 
At1g80270.1 Pentatricopeptide repeat 596 

(PPR596) 
 

Z -0.65 

 

Only proteins showing significant (p-value < 0.05) at least 1.5-fold differential expression in at least 2 
out of 3 biological replicates, are presented. GO terms include BP categories. A – DNA replication 
(GO:0006260); B – Response to indolebutyric acid stimulus (GO:0080026); C – Hyperosmotic salinity 
response (GO:0042538); D – Signal transduction (GO:0007165); E – Fatty acid catabolic process 
(GO:0009062); F – Response to water deprivation (GO:0009414); G – Response to misfolded protein 
(GO:0051788); H – Toxin catabolic process (GO:0009407); I – Lignin biosynthetic process 
(GO:0009809); J – Oxidation-reduction process (GO:0055114); K – Response to karrikin 
(GO:0080167); L – Karyogamy (GO:0000741); M – Photorespiration (GO:0009853); N – Nucleotide 
biosynthetic process (GO:0009165); O – Embryo sac egg cell differentiation (GO:0009560); P – 
Regulation of transcription, DNA-dependent (GO:0006355); Q – Nucleosome assembly 
(GO:0006334); R – Translation (GO:0006412); S – Auxin homeostasis (GO:0010252); T – Threonine 
catabolic process (GO:0006567); U – Histidine biosynthetic process (GO:0000105); V – Starch 
biosynthetic process (GO:0019252); W – Embryo development ending in seed dormancy 
(GO:0009793); X – Transcription, DNA-dependent (GO:0006351); Y – Protein ubiquitination 
involved in ubiquitin-dependent protein catabolic process (GO:0042787); Z – Pyrimidine 
ribonucleotide biosynthetic process (GO:0009220). An asterisk (*) indicates a protein that has been 
previously identified as a putative interactant of AtPNP-A in the AC-based pull-down assays (see 
chapter 2). 
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Table 5.5. Annotation of proteins differentially up-regulated in response to the 
treatment of cells with 10 pM AtPNP-A peptide 30 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At3g23390.1 Zinc-binding ribosomal protein 
family protein 
 

A 1.25 

At3g09890.1 Ankyrin repeat family protein 
 

Unknown 1.10 
At1g75950.1 S phase kinase-associated protein 1 

(SKP1) 
 

B, C, D, E, F, G, 
H, I, J, K, L, M 

0.80 

At1g78150.1 Unknown protein 
 

N 0.75 
At1g73230.1 Nascent polypeptide-associated 

complex NAC 
 

O 0.70 

At3g52920.2 Family of unknown function 
(DUF662) 
 

 0.65 

At3g49601.1 Unknown protein 
 

Unknown 0.65 
At4g04210.1 Plant UBX domain containing 

protein 4 (PUX4) 
 

Unknown 0.60 

 

Only genes showing significant (p-value < 0.05) at least 1.5-fold change of expression in at least 2 out 
of 3 biological replicates, are presented. GO terms include BP categories. A – Translation 
(GO:0006412); B – Microtubule cytoskeleton organization (GO:0000226); C – Mitosis (GO:0007067); 
D – Response to misfolded protein (GO:0051788); E – Ubiquitin-dependent protein catabolic process 
(GO:0006511); F – Regulation of unidimensional cell growth (GO:0051510); G – Regulation of 
circadian rhythm (GO:0042752); H – Male meiosis (GO:0007140); I – Proteasomal ubiquitin-
dependent protein catabolic process (GO:0043161); J – DNA endoreduplication (GO:0042023); K – 
Response to cadmium ion (GO:0046686); L – Proteasome assembly (GO:0043248); M – Negative 
regulation of DNA recombination (GO:0045910); N – Vernalization response (GO:0010048); O – 
Response to salt stress (GO:0009651). 
 

Moreover, treatment with 10 pM AtPNP-A resulted in down-regulation of several 

proteins involved in translation (GO:0006412). Twenty percent of proteins which 

expression was down-regulated at both time-points are classified within this GO term 

(Table 5.4 and 5.6). 
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Table 5.6. Annotation of proteins differentially down-regulated in response to the 
treatment of cells with 10 pM AtPNP-A peptide 30 min post-treatment.  

 

AGI ID 
 

 

Protein annotation 
 

GO term 
(BP) 

 

Log2 
fold change 

 

At3g62250.1 Ubiquitin 5 (UBQ5) 
 

A, B -1.15 
At3g28710.1* ATPase, V0/A0 complex, 

subunit C/D (AtVHA-d1)  

C, D -0.90 

At4g23895.3 Pleckstrin homology (PH) 
domain-containing protein 
 

E, F, G, H -0.85 

At5g41520.1 Ribosomal protein S10E B 
(RPS10B) 
 

B, I, J, K -0.85 

At3g28715.1 ATPase, V0/A0 complex, 
subunit C/D (AtVHA-d2) 
 

C, D -0.85 

At1g10450.1 SIN3-like 6 (SNL6) 
 

L -0.75 
At2g45710.1 Zinc-binding ribosomal protein 

family protein 
 

B, M, N -0.65 

At3g17840.1 Receptor-like kinase 902 
(RLK902) 
 

O, P, Q, R, S -0.65 

At3g04184.1 Unknown protein 
 

 -0.65 
At5g62390.1 BCL-2-associated athanogene 7 

(BAG7) 
 

T, U, V, W, X -0.60 

 

Only proteins showing significant (p-value < 0.05) differential expression, with at least 1.5-fold change 
of expression in at least 2 out of 3 biological replicates, are presented. GO terms include BP categories. 
A – Protein ubiquitination involved in ubiquitin-dependent protein catabolic process (GO:0042787);  
B – Translation (GO:0006412); C – Proton transport (GO:0015992); D – ATP hydrolysis coupled 
proton transport (GO:0015991); E – UTP biosynthetic process (GO:0006228); F – Nucleoside 
diphosphate phosphorylation (GO:0006165); G – CTP biosynthetic process (GO:0006241); H – GTP 
biosynthetic process (GO:0006183); I – Auxin homeostasis (GO:0010252); J – Regulation of 
secondary shoot formation (GO:2000032); K – Axillary shoot meristem initiation (GO:0090506); L – 
Regulation of transcription, DNA-dependent (GO:0006355); M – Ribosome biogenesis (GO:0042254); 
N – RNA methylation (GO:0001510); O – Protein phosphorylation (GO:0006468); P – 
Transmembrane receptor protein Tyr kinase signalling pathway (GO:0007169); Q – Regulation of 
meristem growth (GO:0010075); R – Plant-type cell wall organization (GO:0009664); S – Cell wall 
modification (GO:0042545); T – Cellular response to heat (GO:0034605); U – Response to 
arsenic-containing substance (GO:0046685); V – Protein folding (GO:0006457); W – Cellular 
response to cold (GO:0070417); X – Cellular response to unfolded protein (GO:0034620). An asterisk 
(*) indicates a protein that has been previously identified as a putative interactant of AtPNP-A in the 
AC-based pull down assays (see chapter 2). 
 

Intriguingly, two proteins which expression is down-regulated in cells treated with 

10 pM AtPNP-A either 10 or 30 min post-treatment, namely prohibitin 2 (PHB2) 

(Table 5.4) and ATPase, V0/A0 complex, subunit C/D (AtVHA-d1) (Table 5.6), have 

been identified as putative interactants of AtPNP-A in SCC (see chapter 2). The 
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hormone could not only bind with these proteins, but also could directly or indirectly 

down-regulate their expression. 

Summarizing, the cellular response to AtPNP-A appears to be highly  

concentration-dependent; the proteins differentially expressed upon treatment with  

1 nM AtPNP-A do not overlap with the pool of proteins differentially expressed upon 

treatment with 10 pM peptide. Nevertheless, the majority of GO terms assigned to the 

proteins differentially expressed upon treatment with both concentrations of  

AtPNP-A, either at 10 or 30 min post-treatment, correspond to physiological 

functions modulated by AtPNP-A in plant systems. For instance, GO terms related to 

responses to abiotic stress, such as response to salt stress (GO:0009651) (Tables 5.1, 

5.2, 5.3, and 5.5), are present among proteins showing AtPNP-A-dependent 

differential expression upon treatment with both concentrations of the peptide.  

When the proportion of differentially annotated GO terms is analyzed, it is evident 

that there is a concentration dependent increase in the GO terms relating to transport  

(3-17%), response to stress (6-10%), biotic and abiotic stimuli (5-10%) and electron 

transport or energy pathways (up to 1%) (Figure 5.5 A). On the other hand, 

representation of functional categories such as transcription, DNA dependent (1-2%) 

and DNA or RNA metabolism (up to 2%) in the pool of proteins differentially 

expressed upon treatment with 10 pM AtPNP-A (Figure 5.5 B) indicates that 

modulation of expression of proteins characterized by GO terms relating to these BPs 

is inversely related to the concentration of the AtPNP-A peptide used. 
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A)     

 
  

B) 

 
  

 

Figure 5.5. Pie charts representing functional categorization by annotation for GO 
terms in BP category of proteins which expression was differentially regulated upon 
treatment with AtPNP-A. Differntially expressed proteins identified upon treatment with 
either 1 nM (A) or 10 pM (B) AtPNP-A peptide at 10 or 30 min were considered.  
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5.4. DISCUSSION  

The PNPs affect salt and water homeostasis, which is not dissimilar to the functions 

exerted by their analogues found in vertebrate systems. Previous studies have shown 

that AtPNP-A triggers a number of physiological responses in whole plants, tissue 

and SCC (Maryani et al., 2001); (Rafudeen et al., 2003); (Ruzvidzo et al., 2011). 

Increases in osmoticum induce AtPNP-A production (Rafudeen et al., 2003; Wang, et 

al., 2011) and transcriptomics analysis has revealed that AtPNP-A is also strongly 

up-regulated in response to biotic stresses (Meier et al., 2008). Biochemical and 

physiological responses of plants to the treatment with the AtPNP-A recombinant 

protein include induction of an increase in stomatal conductance and transpiration rate 

(Gottig et al., 2008), elevation of leaf dark respiration rate (Ruzvidzo et al., 2011), 

and enhanced radial water movement out of xylem (Suwastika & Gehring, 1998) 

observed at micromolar concentrations of the protein, as well as the induction of 

cGMP-dependent stomatal guard cell opening (Morse et al., 2004), modulation of 

osmoticum-dependent volume changes in leaf MCPs exerted by the recombinant 

protein and peptide corresponding to the aa sequence of the active site of the protein 

(Wang, Gehring, Cahill, & Irving, 2007) reported at nanomolar concentrations. In 

addition, AtPNP-A modulates ion flux in the root in a developmental stage-specific 

and tissue-specific manner (Ludidi et al., 2004). Although the importance of PNPs in 

maintaining ion and fluid balance in response to abiotic and biotic stress has been 

established, the molecular mode of their action remains largely unknown. 

In order to shed light on the AtPNP-A-dependent response at the systems level, 

changes in protein profiles have been obtained and analyzed. AtPNP-A is mainly 

produced in leaf mesophyll cells and to a lesser extent in cortical cells in stems and 

petioles (Wang, Gehring, et al., 2011), therefore to avoid confounding effects of 
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endogenous production A. thaliana (Col-0) suspension cells derived from root cells 

were used for examination of the effect of the biologically active AtPNP-A peptide on 

the proteome in a concentration- and time-dependent manner. 

The response of Arabidopsis SCC to physiological concentrations of biologically 

active plant peptide at two different time-points (10 min and 30 min) post-treatment 

was followed. To reveal the quantitative and temporal relationships between the 

concentrations of AtPNP-A used and the corresponding protein level, TMT sixplex 

was applied since it allows up to six different samples to be compared in a single MS 

run, thus diminishing variations introduced during sample preparation and spectra 

acquisition, and limiting the time and cost of the analysis required.  

Preliminary experiments indicated that peptide corresponding to the active site of 

AtPNP-A elicits responses not only in nano- but also in pico-molar concentrations 

(see chapter 4). Consequently, to explore the physiologically relevant concentration 

effect of peptides corresponding to the active site of AtPNP-A on the proteome, 1 nM 

and 10 pM concentrations were chosen and tested on cells in suspension cultures, as 

the former concentration led to statistically significant ROS accumulation, in contrast 

to the latter (see chapter 4), at both time-points considered. To my knowledge, this is 

the first attempt to characterize the effects exerted by nano- and picomolar 

concentrations of protein signal at proteome-level in A. thaliana in a large-scale 

approach reported in literature until now.  

Although nanomolar concentrations of AtPNP-A have previously been reported to 

elicit significant physiological effects (Maryani et al., 2001; Wang et al., 2007; Gottig 

et al., 2008), the differential regulation of protein expression upon application of  

10 pM peptide indicates that picomolar concentrations of AtPNP-A also elicits 

significant cellular responses (Tables 5.3 to 5.6 and Figure 5.5). Over-representation 
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of GO terms in sets of differentially expressed proteins was used as the basis for 

inferring cellular responses modulated by AtPNP-A. The functional interpretation of 

experimental data using the GO domain of BPs provided an overview of the 

AtPNP-A-dependent cellular events. 

5.4.1. Proteins accumulating in response to salt stress 

One of the most over-represented GO terms among proteins which expression is 

up-regulated in response to nano- and picomolar concentrations of AtPNP-A is 

response to salt stress. The application of nanomolar concentrations of AtPNP-A 

resulted in significant up-regulation of expression of two proteins annotated as 

involved in response to salt stress at both sampling points (Tables 5.1 and 5.2). The 

calcium-dependent lipid-binding protein (AtCLB; At3g61050.1) binds to the 

promoter of gravity- and light-inducible thalianol synthase gene (AtTHAS1; 

At5g48010.1) as well to the membrane lipid ceramide and has been implicated in 

negative regulation of Arabidopsis responses to abiotic stress (de Silva, Laska, 

Brown, Sederoff, & Khodakovskaya, 2011). The polyketide cyclase/dehydrase and 

lipid transport superfamily protein (At4g23670.1, also known as major latex protein 

(MLP)-related) is also up-regulated. Transcripts of the polyketide cyclase/dehydrase 

and lipid transport superfamily protein are transiently up-regulated in Arabidopsis 

root apices upon gravity stimulation (Kimbrough, Salinas-Mondragon, Boss, & 

Brown, 2004), in leaves subjected to a combination of drought and heat stress 

(Rizhsky et al., 2004), and in roots upon exposure to low-level ionizing cesium (134Cs) 

(Sahr, Voigt, Paretzke, Schramel, & Ernst, 2005). Moreover, the protein appears to 

play a role in seed dormancy (Chibani et al., 2006) as well as in plant defense since it 
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has been reported to accumulate in response to PAMPs (Jones, Thomas, Bennett, 

Mansfield, & Grant, 2006). 

Application of 10 pM AtPNP-A induced a pronounced up-regulation of expression of 

three proteins involved in salt stress: basic transcription factor 3 (BTF3; 

At1g17880.1) and ATP synthase D chain (ATPQ; At3g52300.1) (Table 5.3) and the 

nascent polypeptide-associated complex NAC (At1g73230.1) elevated at 30 min 

post-treatment (Table 5.5). BTF3 is located in the nucleus where it interacts with 

eukaryotic translation initiation factor 4E2 (LSP1; At5g35620.1) (Freire, 2005), 

conceivably part of the induction of transcriptional changes in response to AtPNP-A. 

Transcription level of BTF3 is decreased upon sucrose starvation (Giege, Sweetlove, 

Cognat, & Leaver, 2005), and microarray data revealed a similar pattern of BTF3 and 

AtPNP-A expression in conditions of abiotic and biotic stress, including cold stress or 

glucose treatment, exposure to high light and infection with Golovinomyces 

cichoracearum. A quantitative study employing isobaric tags for relative and absolute 

quantitation (ITRAQ) revealed pronounced elevation of BTF3 abundance in 

short-day-grown cat2 and nca1 (no catalase activity 1; At3g54360.1) mutants that 

display loss of sensitivity to bacterial effector avrRpm1 and to hydroxyurea 

(Hackenberg et al., 2013). This suggests a role of BTF3 in autophagy-dependent 

PCD. Another salt stress-responsive protein with increased levels after 10 min 

treatment with 10 pM AtPNP-A is ATPQ - a component of the Fo subunit of ATP 

synthase. ATPQ binds divalent metal ions, such as copper and zinc (Tan, O’Toole, 

Taylor, & Millar, 2010) and up-regulation of the protein expression by AtPNP-A may 

indicate a role for PNPs in modulating metal homeostasis in mitochondria and hence 

alterations in redox homeostasis. Elevated expression of NAC, a protein thought to be 

involved in preventing ribosome-associated nascent polypeptides from inappropriate 
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interactions with cytosolic proteins to ensure appropriate nascent protein targeting, 

was observed following 30 min exposure to 10 pM AtPNP-A. Although biological 

function of NAC has not been fully characterized, accumulation of the protein in 

Plasmodiophora brassicae infected A. thaliana roots was reported (Devos et al., 

2006). Moreover, transcriptional up-regulation under conditions of iron deficiency 

and in response to cold stress has been observed. NAC is also induced by SA in 

germinating seeds and its accumulation has been correlated with enhanced 

germination under salt stress conditions (Rajjou et al., 2006). Given the 

transcriptional up-regulation of AtPNP-A in response to SA (Meier et al., 2008), it is 

conceivable that NAC is part of an AtPNP-A- and SA-dependent systemic response.  

5.4.2. Proteins with a role in cellular membrane fusion 

The GO “cellular membrane fusion” BP term is also over-represented in the group of 

proteins which expression is differentially regulated by nanomolar concentration of 

AtPNP-A (Tables 5.1 and 5.2). This refers to: syntaxin of plants 32 (SYP32; 

At3g24350.1) and embryo defective 42 (EMB42; At4g32400.1), whose expression is 

elevated at both sampling points, and peptide Met sulfoxide reductase 3 (PMSR3; 

At5g07470.1) highly expressed only 10 min after the treatment. SYP32, a member of 

the highly divergent SYP3 family of syntaxins in plants (Sanderfoot, Assaad, & 

Raikhel, 2000), is involved in vesicle fusion and vesicle-mediated transport (Chen & 

Scheller, 2001). Syntaxins have also been implicated in osmotic stress tolerance and 

hormonal signal cascades (OSM1/SYP61; (Zhu et al., 2002)), in cytokinesis (e.g. 

KNOLLE; (Lukowitz, Mayer, & Jürgens, 1996)), plant resistance against bacteria 

(e.g. SYP132; (Kalde, Nühse, Findlay, & Peck, 2007)) and fungi (e.g. SYP121; 

(Pajonk, Kwon, Clemens, Panstruga, & Schulze-Lefert, 2008)), and disruption of 
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genes encoding syntaxins from families 2 and 4 is lethal (Sanderfoot, Pilgrim, Adam, 

& Raikhel, 2001). SYP32 is located in the Golgi apparatus and has a soluble 

N-ethylmaleimide-sensitive factor adaptor protein receptor (SNARE) activity which 

implies that it is involved in vesicle fusion and vesicle-mediated transport (Chen & 

Scheller, 2001). Several physiological responses to AtPNP-A are known to be 

significantly reduced when protein synthesis is inhibited by cycloheximide (Rafudeen 

et al., 2003; Gottig et al., 2008) and this implied that some responses to AtPNP-A 

require de novo protein synthesis. Importantly, in animal systems, several syntaxins 

facilitate the release of ANP. For instance, interaction of syntaxin 1A with the 

voltage-gated K+ channel Kv2.1 positively regulates release of ANP from 

pheochromocytoma 12 (PC12) cells after elevation of cytoplasmic Ca2+ (Singer-Lahat 

et al., 2007). Syntaxin-4 has also been shown to facilitate the final step of stimulated 

ANP release from neonatal rat cardiac myocytes (Ferlito et al., 2010). Since AtPNP-A 

elicits para- and autocrine effects including its own expression (Wang, Gehring, & 

Irving, 2011), it is conceivable that SYP32 is a part of the response that enables 

protein processing and transportation of newly synthesized AtPNP-A molecules. We 

therefore propose SYP32 is a component of the exocytotic machinery that regulates 

the controlled release of AtPNP-A. 

The second protein involved in cellular membrane fusion is EMB42 (also known as 

plastidial nucleotide uniport carrier protein or sodium hypersensitivity SHS 1) that is 

required for the export of newly synthesized adenylates into the cytosol 

(Geigenberger, Riewe, & Fernie, 2010; Kirchberger, Tjaden, & Neuhaus, 2008). 

EMB42 is a highly hydrophobic membrane protein of the mitochondrial carrier family 

that transports AMP, ADP and ATP (but not ADP-glucose) in a unidirectional 

manner. EMB42 is ubiquitously expressed and is especially abundant in rapidly 
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developing root tip cells and pollen, and studies on mutants suggest that no other 

carrier protein or metabolic mechanism can compensate for the loss of this transporter 

(Kirchberger et al., 2008) therefore making it key to cellular adenylate nucleotide 

homeostasis which in turn affects various chaperones (e.g. calreticulin chaperones, 

Ca2+-dependent protein kinases) whose levels are decreased in knock-out mutants 

(Leroch et al., 2008). It is noteworthy that knock-out mutant (shs1-1 or emb42) 

showed altered sensitivity to cold stress and sugar and has ABA insensitive 

phenotypic traits, including enhanced germination, reduced growth, altered leaf 

morphology, and necrosis on leaves (Inan et al., 2007). Plastidial adenylate transport 

also affects starch biosynthesis and is linked to respiration (Geigenberger et al., 2001). 

Since PNPs cause both rapid stomatal opening and protoplast swelling (Morse et al., 

2004; Wang et al., 2007), processes that require net solute up-take and concurring 

with enhanced starch degradation in guard cells (Gottig et al., 2008), it is conceivable 

that these processes are, at least in part, dependent on adenylate transport.  

Furthermore, AtPNP-A-dependent PMSR3 expression is an indication of a role in 

altering redox balance. PMSR3 belongs to a family of ubiquitously expressed 

enzymes that are responsible for the repair of oxidation-damaged proteins. PMSR3 

catalyzes the thioredoxin-dependent reduction of Met sulfoxide to Met (Brot, 

Weissbach, Wertht, & Weissbach, 1981) as well as reduction of free Met sulfoxide 

residues (Grimaud et al., 2001). Generation of Met sulfoxide is caused by biological 

oxidants and metals and can lead to conformational modifications and changed 

activity of many proteins. PMSR3 is a cytosolic isoform of the five-gene PMSR 

subfamily A in A. thaliana, expressed in roots and stems (Rouhier, Vieira Dos Santos, 

Tarrago, & Rey, 2006). Since overexpression of PMSR3 has been reported to increase 

phosphorylation of Arabidopsis nitrate reductase in normal leaves in the dark (Hardin, 
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Larue, Oh, Jain, & Huber, 2009), AtPNP-A dependent accumulation of PMSR3 may 

have a significant impact on phosphorylation events occurring in the cells and may 

significantly alter redox homeostasis of the plant. AtPNP-A causes a rapid increases 

in cGMP (Pharmawati, Billington, et al., 1998; Pharmawati et al., 2001); Morse et al., 

2004; Wang et al., 2007) and cGMP induces specific Met oxidation of many 

stress-response proteins in A. thaliana (Marondedze et al., 2013), which is therefore 

consistent with a role of AtPNP-A in cGMP-dependent redox signaling. Given the 

ubiquitous presence of PMSRs, we speculate that altered physiological performance 

of the rough lemon (C. jambhiri) infected with the bacterial citrus pathogen X. 

axonopodis pv. citri expressing XacPNP, a PNP-like molecule (Nembaware et al., 

2004), may to some extend result from up-regulation of the plant MSR(s) expression. 

Similarly to AtPNP-A, XacPNP has the ability to induce stomatal opening and 

protoplast swelling that is strongly inhibited in the presence of cycloheximide (Gottig 

et al., 2008), but has also been reported to be responsible for altering host 

photosynthesis and the formation of wet lesions (Garavaglia et al., 2010). 

Up-regulation of PMSR3 transcripts is also seen in Genevestigator in response to 

attack by different pathogens and supports this hypothesis. 

Over-representation of proteins involved in cellular membrane fusion in the pool of 

proteins whose expression is up-regulated in AtPNP-A-dependent manner indicates 

that they may have a role in receptor-mediated endocytosis or net water uptake into 

MCPs. Although the receptors for AtPNP-A have not yet been identified, the 

requirement for three-dimensional conformation of the protein to exert its function 

(Wang et al., 2007) and results from competitive displacement assays (Gehring, 

Khalid, Toop, & Donald, 1996; Suwastika, Toop, Irving, & Gehring, 2000) point to 

specific receptor-ligand interactions and potentially receptor-mediated endocytosis. 



 247 
Processes involved in protoplasts swelling require rapid membrane fusion events to 

prevent bursting. Importantly, the net water uptake observed upon treatment of MCPs 

with nanomolar concentrations of AtPNP-A and biologically active peptide 

containing the active site of the protein (Maryani et al., 2001; Morse et al., 2004; 

Wang et al., 2007) was not observed at picomolar concentrations. This may provide 

an explanation for the fact that proteins assigned to “cellular membrane fusion” GO 

term are not represented in the set of proteins which expression is differentially 

regulated by 10 pM AtPNP-A.  

5.4.3. The AtPNP-A effect on photorespiration  

Four proteins with a role in oxidative phosphorylation are differentially expressed in 

the early response to picomolar AtPNP-A. Expression of three of them, the unknown 

protein (At2g31490.1), the mitochondrial ATP synthase D chain (ATPQ; 

At3g52300.1), and the mitochondrial ATP synthase ε chain (At1g51650.1) is 

augmented (Table 5.3), while expression of prohibitin 2 (PHB2; At1g03860.1) is 

significantly reduced (Table 5.4). Recent studies on the effect of NPs on oxidative 

capacity in human skeletal muscle revealed that NP/cGMP signaling activates 

expression of several genes involved in oxidative phosphorylation, including those 

encoding components of complex I and IV of the respiratory chain (Engeli et al., 

2012). The unknown protein (At2g31490.1) and its ortholog BAB67906 were 

identified as putative components of complex I of the respiratory chain in Arabidopsis 

and rice, respectively (Heazlewood, Howell, & Millar, 2003). The protein was 

confirmed to be a subunit of the 550 kDa sub-complex representing the membrane 

arm of complex I and is specific for the plant complex I only (Klodmann & Braun, 

2011). 
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Up-regulation of expression of two constituents of the final enzyme in the oxidative 

phosphorylation pathway - the ε and D chains of the mitochondrial ATP synthase - 

observed in response to AtPNP-A suggests a role of the PNPs in direct or indirect 

modulation of ATP synthesis coupled to proton transport (Table 5.3). ATP synthase ε 

chain is a subunit of the catalytic core of the ATP synthase and is located in the stalk 

region of the F1 complex. Through its conformational changes, the ε chain was 

proposed to modulate activity of ATP synthase upon inactivation of the enzyme by 

bound MgADP in the absence of proton motive force, leading to inhibition of 

hydrolysis (but not synthesis) of ATP (Feniouk & Junge, 2005) and thus preventing 

wasteful ATP hydrolysis. Studies conducted on mammalian cells revealed that 

silencing of the gene encoding the ε chain of ATP synthase led to down-regulation of 

the activity of the ATP synthase complex, drastically decreased ADP-stimulated 

respiration and suggested that the ε chain is essential for the assembly of F1 complex 

(Havlícková, Kaplanová, Nůsková, Drahota, & Houstek, 2010; Tan, O’Toole, Taylor, 

& Millar, 2010). It is therefore conceivable that AtPNP-A changes the energetic 

balance of the cell by increasing the expression of ATP synthase ε chain that 

enhances assembly of F1 complex. This in turn may be beneficial in situations of 

degradation of components of the mitochondrial electron transport chain by ROS. In 

contrast to ATP synthase ε chain, the D chain of the enzyme (ATPQ) is located in the 

coupling factor Fo, binds divalent metal ions and is implicated in the response to salt 

stress. 

AtPNP-A-dependent reduction in expression of a component of mitochondrial 

respiratory chain complex I (PHB2) may indicate an important role of AtPNP-A in 

modulating cellular responses to various stresses, since prohibitins trigger retrograde 

signals leading to specific stress response (van Aken, Whelan, & van Breusegem, 
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2010). Moreover, the proteins are highly conserved among species and have been 

implicated in regulation of proliferation, apoptosis, and differentiation in other 

systems. Although PHB2 has been identified in the tonoplast of SCC (Shimaoka et 

al., 2004) as well as in the vacuole proteome of vegetative cells (Carter et al., 2004), 

PHB2 is also associated with the inner mitochondrial membrane where it forms a 

complex with PHB1 and is involved in biogenesis of these organelles and possibly 

modulating the activity of proteases that in turn regulate the stability of mitochondrial 

inner membrane proteins. Co-IP studies identified PHB2 as an interactant of bax 

inhibitor-1 (BI-1; At5g47120.1), a cell death suppressor conserved in animals and 

plants, and in phb2 mutants cell death responses are altered (Ahn, Lee, Reum Hwang, 

Kim, & Pai, 2006; Weis et al., 2013). This is in agreement with microarray data 

revealing differential regulation of PHB2 in response to both biotic and abiotic stress, 

including its down-regulation in late response to root infection with Phytophthora 

parasitica, under conditions of phosphate deficiency in leaf and in mannitol-treated 

seedlings and guard cells, while up-regulation is observed in conditions of heat stress 

in aerial tissue leaves exposed to high light. Under these conditions AtPNP-A shows 

reverse expression patterns to PHB2, suggesting opposing transcriptional regulation 

of these genes. Virus-induced gene silencing of a PHB2 expressed by Nicotiana 

bethamiana caused decreased membrane potential and oxygen consumption and led 

to growth inhibition, leaf yellowing and cell death due to elevated sensitivity of the 

plants to ROS-inducing chemicals, and as a consequence the mutants are more 

sensitive to stress (Ahn et al., 2006). Intriguingly, down-regulation of their mRNA 

and protein levels using lentivirus-mediated small hairpin RNA (shRNA) expression 

implied the proteins are necessary for cancer cell proliferation and adhesion (Sievers, 

Billig, Gottschalk, & Rudel, 2010). In the light of recently reported ability of 
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AtPNP-A to induce apoptosis in cardiomyoblasts (Wang, Ahmar, & Irving, 2010), our 

observation of AtPNP-A dependent suppression of PHB2 expression may not only 

help to elucidate NPs signal transduction in plant system, but also could give more 

information on events involved in prevention and/or treatment of hyperproliferative 

disorders, probably employing NPs. 

Identification of two proteins (SYP32 and HSP70T-2), which animal analogues are 

known to participate in NP signaling, among the set of proteins with expression  

up-regulated in the cells treated with 1 nM AtPNP-A suggests these proteins probably 

are components of NPs signaling cascade that are common for both kingdoms. 

Moreover, identification of two probable interactants of AtPNP-A, namely PHB2 and 

AtVHA-d1, in the set of proteins which expression is down-regulated upon treatment 

with 10 pM AtPNP-A, makes it feasible that direct interaction of these proteins with 

the hormone lead to down-regulation of their expression, being an example of a 

feedback loop. 

In summary, our quantitative data reveal AtPNP-A differentially regulates expression 

of proteins at nanomolar and picomolar concentrations and indicate that these are 

likely the biologically relevant concentrations where the hormone exerts its functions 

in plants. We propose that AtPNP-A may play a key role in response to salt stress and 

(photo)respiration, and many physiological responses to the elicitor appear to be 

mediated by remodeling of cellular membranes evoked by AtPNP-A.  
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CHAPTER 6. CONCLUSION 

Challenges associated with climate change, water scarcity and continually increasing 

human population growth impose the requirement for increased and sustainable food 

production in a resource use efficient manner. The objective of doubling the food 

production in only 40 years has become a daunting task, to provide food to an 

expected population of over 9 billion people by 2050. Since food security heavily 

depends on the development of plants resistant to both abiotic and biotic stresses, with 

a continuous plant-pathogen arms race, lots of efforts are being made in the field of 

plant biotechnology to realize this goal. Genes encoding proteins that affect plant 

homeostasis in systemic manner are one of the target groups of candidates that have a 

potential to confer increased stress tolerance to plants. However, better understanding 

of the modes of action, including the signal transduction pathways, of these target 

molecules is required. 

One group of the proteins that are known to systemically affect salt and water balance 

in plants are PNPs, and one of its members present in A. thaliana (AtPNP-A) was a 

focus of this study. AtPNP-A has been implicated in defence of the plants to the range 

of abiotic (such as heat and salt stress) and biotic (such as P. infestans or  

P. syringae) both at the transcript (Meier et al., 2008) and the protein level (Wang, 

Gehring, & Irving, 2011; Breitenbach et al., 2014). Therefore it may be of a 

considerable interest to agricultural biotechnology as it has a potential to be used in 

the industry to confer increased biotic and/or abiotic stress tolerance to plants. In 

particular, this work focused on identifying physical interactants of AtPNP-A and on 

elucidating the biochemical pathways affected by AtPNP-A, which is fundamental to 
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understand how the hormone exerts numerous physiological effects on plants. These 

include net water up-take into MCPs (Morse, Pironcheva, & Gehring, 2004), 

regulation of developmental-stage and tissue-specific ion fluxes (Ludidi et al., 2004), 

stomatal opening delay and reduction of ABA-induced stomatal closure (Wang, 

Gehring, Cahill, & Irving, 2007), increased stomatal conductance and transpiration 

rates (Gottig et al., 2008), and enhancement of leaf dark respiration rate (Ruzvidzo, 

Donaldson, Valentine, & Gehring, 2011). 

Firstly, the candidate binding partners of AtPNP-A have been identified using four 

independent methods, including both in vivo and in vitro techniques. Upon an 

extensive bioinformatics and literature study, several promising binary interactants of 

AtPNP-A have been expressed and purified as recombinants and the specificity of the 

interactions was verified in vitro using SPR. This enabled the characterization of 

specific interactions involving either purified recombinant AtPNP-A or its 

biologically active site and each of the investigated interactants and pinpointing the 

portion of the protein that is sufficient to confer interaction. 

Since the aim of the functional interactomics part of the project was to unravel the 

biological processes the PPIs involving AtPNP-A participate, two specific interactants 

of the hormone were further investigated. Due to the existence of several premises 

suggestive of the existence of a specific receptor – ligand interaction on PM (Gehring, 

Khalid, Toop, & Donald, 1996; Pharmawati, Gehring, & Irving, 1998; Wang, 

Gehring, Cahill, & Irving, 2007), the RLP identified as a specific interactant of the 

hormone was investigated in functional assays. Suppressed response of the rlp mutant 

plants to the AtPNP-A-dependent net water influx into MCPs confirmed the RLP 

functions in the transduction of the AtPNP-A signal. Numerous phsysiological effects 

exerted by AtPNP-A are known to be mediated via cGMP (Wang, Gehring, Cahill, & 
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Irving, 2007; Wang, Gehring, & Irving, 2011), and the RLP showed in vitro GC 

activity – a feature that is characteristic of several mammalian receptors for NPs 

(Chinkers et al., 1989; Schulz et al., 1989). The results implied that the RLP is 

involved in AtPNP-A signal transduction and this is consistent with the hypothesis 

that it is one of the receptors for AtPNP-A. 

The biological function of the AtPNP-A association with Cat2 has also been 

demonstrated in protein extracted from the leaves of the atpnp-a knock-down mutant 

line respective to the WT plants. Importantly, in extracts obtained from the mutant 

plants the enzymatic activity of Cat2, as well as the overall ability of catalases to 

decompose H2O2, was significantly lower than in case of the extracts from WT plants 

and this is indicative of a functional association of the two proteins. Since Cat2 is 

known to function both as an anti-oxidative enzyme and as a PCD effector 

(Hackenberg et al., 2013), while AtPNP-A has the ability to induce apoptosis (Wang, 

Ahmar, & Irving, 2010) and the atpnp-a mutant plants showed higher susceptibility to 

the avirulent P. syringae than the WT plants (Donaldson, 2009), the interaction 

involving AtPNP-A and Cat2 may have an impact on cell fate, especially during the 

pathogen attack. 

In a quest to further understand the function exerted by AtPNP-A on the redox state of 

the cells, Arabidopsis SCC were treated with nano- and picomolar concentrations of 

biologically active AtPNP-A peptide. Importantly, significant in vivo ROS 

accumulation has been observed 30 min after the treatment with 1 nM AtPNP-A 

peptide, implying that ROS are novel second messengers involved in AtPNP-A 

signalling cascade. 

Finally, the study provides the results of the large-scale investigation of the AtPNP-A 

dependent proteome of the Arabiodopsis SCC. In order to characterize both 
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ROS-dependent and ROS-independent changes in relative abundance of proteins, the 

SCC treated with either 1 nM or 10 pM concentrations of the biologically active 

AtPNP-A peptide were collected 10 or 30 min post-treatment. GO analyses of the 

subsets of proteins revealing differential expression at different time-points provided 

the first description of the expression of proteins affected by AtPNP-A in the 

concentration- and time-dependent manner. The nanomolar concentration of  

AtPNP-A significantly altered the expression of proteins associated with transport, 

response to stress, biotic and abiotic stimuli and electron transport or energy pathways 

compared with the treatment with picomolar concentration which led to differential 

expression of proteins known to be involved in transcription and DNA or RNA 

metabolism. In contrast to 10 pM treatment many proteins, which expression was 

differentially regulated upon treatment with 1 nM AtPNP-A, were associated with 

oxidation-reduction processes, confirming the findings of AtPNP-A concentration 

dependent ROS level regulation in SCC. Interestingly, expression of several proteins 

identified as AtPNP-A interactants have been modulated by AtPNP-A, which may 

indicate an existence of a feedback loop between AtPNP-A and each of these 

proteins. Moreover, identification of several analogs of mammalian proteins 

differentially expressed upon treatment with NPs in the datasets obtained from the 

AtPNP-A dependent proteome study presented here supports the notion that at least 

several components of NPs signalling cascades common for both plant and animal 

kingdom may exist. 

Taken together, the results of this study shed new light on the physiological responses 

promoted by the PPIs involving AtPNP-A and partially revealed the components of 

AtPNP-A signal transduction pathways. The findings serve as a basis for further 
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investigation of aspects of PNPs signalling and eventually contribute to the delivery 

of effective biotechnological solutions to increased and sustainable plant production.  
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APPENDICES 

Supplementary Table 1. Proteins extracted from stem tissue identified with a confidence level of 
at least 99% in fractions of native elution in AC/MS experiments with biologically active  
AtPNP-A peptide. 
 

   

Protein name AGI RSC 
   

AAC1; ADP/ATP carrier 1 At3g08580.1 72 

Coatomer epsilon subunit At1g30630.1 34 

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 33 

ATP synthase alpha/beta family protein At5g08670.1 30 

ATPase F1 complex, alpha subunit protein At2g07698.1 28 

PSAG; photosystem I subunit G At1g55670.1 27 

PORB; protochlorophyllide oxidoreductase B At4g27440.1 23 

GAPB; glyceraldehyde-3-phosphate dehydrogenase B subunit At1g42970.1 21 

Clathrin light chain 2 protein At2g40060.1 18 

Mov34/MPN/PAD-1 family protein At5g23540.1 17 

LHCB4.3; light harvesting complex photosystem II At2g40100.1 14 

LHCB2.2, LHCB2; photosystem II light harvesting complex gene 2.2 At2g05070.1 13 

VAR1, FTSH5; Ftsh extracellular protease family At5g42270.1 13 

GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 13 

Clathrin light chain protein At2g20760.1 13 

ATGRP7, CCR2, GR-RBP7, GRP7; cold, circadian rhythm, and RNA 
binding 2 

At2g21660.1 12 

LHCB4.1; light harvesting complex photosystem II At5g01530.1 10 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 10 

Class-II DAHP synthetase family protein At1g22410.1 10 

ATPC1; ATPase, F1 complex, gamma subunit protein At4g04640.1 10 

PSBO-1, OEE1, OEE33, OE33, PSBO1, MSP-1; PS II oxygen-evolving 
complex 1 

At5g66570.1 9 

CA1, ATBCA1, SABP3, ATSABP3; carbonic anhydrase 1 At3g01500.1 7 

PSBC; photosystem II reaction center protein C Atcg00280.1 7 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 6 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 6 

ATPB, PB; ATP synthase subunit beta Atcg00480.1 5 

FBA2; fructose-bisphosphate aldolase 2 At4g38970.1 4 

LHCB4.2; light harvesting complex photosystem II At3g08940.1 4 
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Leucine-rich repeat (LRR) family protein At3g20820.1 4 

LHCB6, CP24; light harvesting complex photosystem II subunit 6 At1g15820.1 4 

PSAF; photosystem I subunit F At1g31330.1 3 

BOU; mitochondrial substrate carrier family protein At5g46800.1 3 

RBCS1A; ribulose bisphosphate carboxylase small chain 1A At1g67090.1 3 

GTP binding elongation factor Tu family protein At1g07920.1 3 

GAPC-2, GAPC2; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 3 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 2 

LHCA2; photosystem I light harvesting complex gene 2 At3g61470.1 2 

ATPF; ATPase, F0 complex, subunit B/B', bacterial/chloroplast Atcg00130.1 2 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 2 

POR C; ORC; protochlorophyllide oxidoreductase C At1g03630.1 2 

UBQ12; ubiquitin 12 At1g55060.1 2 

AAA-type ATPase family protein At1g45000.1 2 

UDP-glucose 6-dehydrogenase family protein At3g29360.1 2 

ATPase, V1 complex, subunit B protein At1g20260.1 2 

ATC4H, C4H, CYP73A5, REF3; cinnamate-4-hydroxylase At2g30490.1 2 

HOG1, EMB1395, SAHH1, MEE58; S-adenosyl-L-homocysteine 
hydrolase 

At4g13940.1 2 
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Supplementary Table 2. Proteins extracted from stem tissue identified with a confidence level of 
at least 99% in fractions of denaturing elution in AC/MS experiments with biologically active  
AtPNP-A peptide. 
 

   

Protein name AGI RSC 
   

Coatomer gamma-2 subunit, putative/gamma-2 coat protein, putative At4g34450.1 98 

Coatomer, alpha subunit At2g21390.1 97 

POR B; phytochlorophyllide oxidoreductase B At4g27440.1 76 

CaS; calcium sensing receptor At5g23060.1 75 

AHA1, PA, OST2, HA1; H+-ATPase 1 At2g18960.1 73 

ATC4H, C4H, CYP73A5, REF3; cinnamate-4-hydroxylase At2g30490.1 54 

PTAC16; plastid transcriptionally active 16 At3g46780.1 50 

ATTIC110, TIC110; translocon at the inner envelope membrane of 
chloroplasts 110 

At1g06950.1 48 

HAP6; ribophorin II (RPN2) family protein At4g21150.1 45 

UDP-glucose 6-dehydrogenase family protein At3g29360.1 45 

CSI1; cellulose synthase-interactive protein 1 At2g22125.1 42 

ATMS, MS2; methionine synthase 2 At3g03780.1 39 

Rieske (2Fe-2S) domain-containing protein At1g71500.1 36 

PSBB; photosystem II reaction center protein B Atcg00680.1 36 

Clathrin, heavy chain At3g11130.1 34 

LHCB4.3; light harvesting complex photosystem II At2g40100.1 32 

Translation elongation factor EF1B, gamma chain A1g57720.1 32 

NRS/ER, UER1; nucleotide-rhamnose synthase/epimerase-reductase At1g63000.1 31 

VAR1, FTSH5; Ftsh extracellular protease family At5g42270.1 30 

PSAF; photosystem I subunit F At1g31330.1 29 

Coatomer, beta subunit At4g31480.1 29 

APS1; ATP sulfurylase 1 At3g22890.1 27 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family 
protein 

At3g17390.1 27 

APE2, TPT; glucose-6-phosphate/phosphate translocator-related At5g46110.1 25 

PETC, PGR1; photosynthetic electron transfer C At4g46110.1 24 

VLN2, ATVLN2; villin 2 At2g41740.1 22 

RPT2a; regulatory particle AAA-ATPase 2A At4g29040.1 21 

PHT3:1; phosphate transporter 3:1 At5g14040.1 20 

Clathrin adaptor complexes medium subunit family protein At5g05010.1 20 

RPT3; regulatory particle triple-A ATPase 3 At5g58290.1 19 

Coatomer, alpha subunit At1g62020.1 18 

ATP3; gamma subunit of Mt ATP synthase At2g33040.1 18 

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 16 

RPN1A, ATRPN1A; 26S proteasome regulatory subunit S2 1A At2g20580.1 16 
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ATMIN7, BEN1; HOPM interactor 7 At3g43300.1 15 

ERD4; early-responsive to dehydration stress protein At1g30360.1 14 

LHCB3, LHCB3.1; light-responsive chlorophyll B-binding protein 3 At5g54270.1 14 

ADNT1; adenine nucleotide transporter 1 At4g01100.1 12 

Protein of unknown function DUF2359, transmembrane At1g70770.1 12 

Protein of unknown function (DUF3411) At5g24690.1 12 

ACCD; acetyl-CoA carboxylase transferase subunit beta Atcg—5--.1 12 

ADP-glucose 6-dehydrogenase family protein At5g15490.1 11 

CER8, LACS1; AMP-dependent synthetase and ligase family protein At2g47240.1 11 

VDAC3, ATVDAC3; voltage dependent anion channel 3 At5g15090.1 11 

Coatomer epsilon subunit At1g30630.1 11 

CAC3; acetyl Co-enzyme A carboxylase carboxytransferase alpha 
subunit 

At2g38040.1 11 

ATPase, F1 complex, alpha subunit protein At2g07698.1 11 

LHCA1; photosystem I light harvesting complex gene 1 At3g54890.1 10 

ATPF; ATPase, F0 complex, subunit B/B', bacterial/chloroplast Atcg00130.1 10 

Protein of unknown function (DUF3411) At5g12470.1 10 

P5CS1, ATP5CS; delta1-pyrroline-5-carboxylate synthase 1 At2g39800.1 10 

LHCB2.2, LHCB2; photosystem II light harvesting complex gene 2.2 At2g05070.1 10 

Clathrin light chain protein At2g40060.1 8 

ENH1; rubredoxin family protein At5g17170.1 8 

MAT3; methionine adenosyltransferase 3 At2g36880.1 8 

Rhodanase/Cell cycle control phosphatase superfamily protein At3g59780.1 8 

Vacuolar ATP synthase subunit H family protein At3g42050.1 8 

Mitochondrial substrate carrier family protein At5g19760.1 7 

Clathrin, heavy chain At3g08530.1 7 

PGH1; phosphoglycerate kinase 1 At3g12780.1 7 

Rhodanase/Cell cycle control phosphatase superfamily protein At4g24750.1 7 

ATAMY3, AMY3; alpha-amylase-like 3 At1g69830.1 7 

GAPB; glyceraldehyde-3-phosphate dehydrogenase B subunit At1g42970.1 7 

WD-40 repeat family protein/beige-related At2g45540.1 6 

MA3 domain-containing protein At4g24800.1 6 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 5 

RPY6A, ATSUG1; regulatory particle triple-A ATPase 6A At5g19990.1 5 

PAB4, PABP4; poly(A) binding protein 4 At2g23350.1 5 

DSP4, SEX4, ATSEX4; dual specificity protein phosphatase (DsPTP1) 
family protein 

At3g52180.1 5 

LHCA4, CAB4; light-harvesting chlorophyll-protein complex I subunit 
A4 

At3g47470.1 5 

Zinc-binding dehydrogenase family protein At3g594845.1 4 

ATCLASP, CLASP; CLIP-associated protein At3g594845.1 4 
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AAC1; ADP/ATP carrier 1 At3g08580.1 4 

GAPA, GAPA-1; glyceraldehyde 3-phosphate dehydrogenase A subunit At3g26650.1 4 

ATPA; ATP synthase subunit alpha Atcg00120.1 3 

LHCB5; light harvesting complex of photosystem II 5 At4g10340.1 3 

ATPB, PB; ATP synthase subunit beta Atcg00480.1 3 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 3 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 3 

ATPC1; ATPase, F1 complex, gamma subunit protein At4g04640.1 3 

LHCB4.2; light harvesting complex photosystem II At3g08940.1 3 

GTP binding elongation factor Tu family protein At1g07920.1 3 

PSBA; photosystem II reaction center protein A Atcg00020.1 3 

RCA; rubisco activase At2g39730.1 3 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 3 

CAB3, AB180, LHCB1.2; chlorophyll A/B binding protein 3 At1g29910.2 2 

PSBD; photosystem II reaction center protein D Atcg00270.1 2 

PSBD; photosystem II reaction center protein C Atcg00280.1 2 

LHCB6, CP24; light harvesting complex photosystem II subunit 6 At1g15820.1 2 
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Supplementary Table 3. Proteins extracted from leaf tissue identified with a confidence level of at 
least 99% in fractions of native elution in AC/MS experiments with biologically active AtPNP-A 
peptide. 
 

   

Protein name AGI RSC 
   

VAR2, FTSH2; FtsH extracellular protease family At2g30950.1 92 

MDH; maleate dehydrogenase At3g47520.1 61 

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 59 

VAR1, FTSH5; FtsH extracellular protease family At5g42270.1 52 

ATPase, V1 complex, subunit B protein At1g20260.1 48 

ATPD; ATP synthase delta-subunit gene At4g09650.1 44 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 43 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 40 

Rieske (2Fe-2S) domain-containing protein At1g71500.1 33 

PSAN; photosystem I reaction center subunit PSI-N, chloroplast, putative At5g64040.1 32 

ATPE; ATP synthase epsilon chain Atcg00470.1 32 

PTAC8, TMP14, PSAP, PSI-P; photosystem I P subunit At2g46820.1 30 

ATPase, F0 complex, subunit B/B', bacterial/chloroplast At4g32260.1 29 

RPN1A, ATRPN1A; 26S proteasome regulatory subunit S2 1A At2g20580.1 21 

GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 20 

Clathrin light chain protein At2g40060.1 20 

PSBQ, PSBQ-2, PSII-Q; photosystem II subunit Q-2 At4g05180.1 17 

POR C; PORC; protochlorophyllide oxidoreductase C At1g03630.1 15 

GAPC-2, GAPC2; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 12 

CA1, ATBCA1, SABP3, ATSABP3; carbonic anhydrase 1 At3g01500.1 10 

CaS; calcium sensing receptor At5g23060.1 10 

TUF, emb2448, TUFF, VHA-E1; vacuolar ATP synthase subunit E1 At4g11150.1 9 

ATPF; ATPase, F0 complex, subunit B/B', bacterial/chloroplast Atcg00130.1 8 

ATPC1; ATPase, F1 complex, gamma subunit protein At4g04640.1 8 

PTAC16; plastid transcriptionally active 16 At3g46780.1 7 

ATTIC10, TIC10l translocon at the inner envelope membrane of 
chloroplasts 110 

At1g06950.1 7 

GAPB; glyceraldehyde-3-phosphate dehydrogenase B subunit At1g42970.1 6 

LHCA2; photosystem I light harvesting complex gene 2 At3g61470.1 5 

PSAE-1; photosystem I reaction center subunit IV/PsaE protein At4g28750.1 4 

ATPB, PB; ATP synthase subunit beta Atcg00480.1 4 

POR B; protochlorophyllide oxidoreductase B At4g27440.1 4 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homol E1B At4g20360.1 4 

LHCB5; light harvesting complex of photosystem II 5 At4g10340.1 4 

PGK1; phosphoglycerate kinase 1 At3g12780.1 4 
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Transketolase At3g60750.1 4 

PSBB; photosystem II reaction center protein B Atcg00680.1 3 

LHCA1; photosystem I light harvesting complex gene 1 At3g54890.1 3 

PSAF; photosystem I subunit F At1g31330.1 3 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 3 

CAT3, SEN2, ATCAT3; catalase 3 At1g20620.1 3 

CA2, CA18, BETA CA2; carbonic anhydrase 2 At5g14740.1 2 

ATPA; ATP synthase subunit alpha Atcg00120.1 2 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 2 

RCA; rubisco activase At2g39730.1 2 

PGR5-LIKE A At4g22890.1 2 

TRP1, pat1; tryptophan biosynthesis 1 At5g17990.1 2 

GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A subunit 2 At1g12900.1 2 

AAA-type ATPase family protein At1g45000.1 2 

ATMS2, MS2; methionine synthase 2 At3g03780.1 2 

NAD(P)-binding Rossmann-fold superfamily protein At4g35250.1 2 
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Supplementary Table 4. Proteins extracted from leaf tissue identified with a confidence level of at 
least 99% in fractions of denaturing elution in AC/MS experiments with biologically active  
AtPNP-A peptide. 
 

   

Protein name AGI RSC 
   

ATTIC110, TIC110; translocon at the inner envelope membrane of 
chloroplasts 110 

At1g06950.1 46 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 35 

RPT2a; regulatory particle AAA-ATPase 2A At4g29040.1 33 

FTSH8; FTSH protease 8 At1g06430.1 33 

PTAC17; plastid transcriptionally active 1 At1g80480.1 32 

FDH; formate dehydrogenase  At5g14780.1 32 

CSP41A; chloroplast stem-loop binding protein of 41kDa At3g63140.1 28 

ATAMy3, AMY3; alpha-amylase-like 3 At1g69830.1 28 

RPT3; regulatory particle AAA-ATPase 3 At5g58290.1 27 

CLPP4, NCLPP4; CLP protease P4 At5g45390.1 27 

ACC1, AT-ACC1, EMB22, GK, PAS3; acetyl-CoA carboxylase 1 At1g36160.1 23 

ARM repeat superfamily protein At3g62530.1 23 

GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A subunit 2 At1g12900.1 23 

FTSZ1-1, ATFTSZ1-1, CPFTSZ; homolog of bacterial cytokinesis Z-ring 
protein FTS 

At5g55280.1 22 

VDAC3, ATVAC3; voltage dependent anion channel 3 At5g15090.1 21 

APS1; ATP sulfurylase 1 At3g22890.1 21 

PKT1, KAT5; peroxisomal 3-keto-acyl-CoA thiolase 2 At5g48880.1 21 

P5CS1, ATP5CS; delta1-pyrroline-5-carboxylate synthase 1 At2g39800.1 21 

ATARFA1F, ARFA1F; ADP-ribosylation factor A1F At1g10630.1 20 

MDH; maleate dehydrogenase At3g47520.1 20 

RPN1A, ATRPN1A; 26S proteasome regulatory subunit S2 1A At2g20580.1 20 

ATPase, V1 complex, subunit B protein At1g20260.1 19 

Rhodanese/Cell cycle control phosphate superfamily protein At4g27700.1 19 

CXIP2, ATGX2; CAX-interacting protein 2 At2g38270.1 19 

Rhodenase/Cell cycle control phosphatase superfamily protein At3g59780.1 18 

NAD(P)-linked oxidoreductase superfamily protein At1g14345.1 18 

ATMS2, MS2; methionine synthase 2 At3g03780.1 18 

IEP37; S-adenosyl-L-methionine-dependent methyltransferases 
superfamily protein 

At3g63410.1 17 

PUR ALPHA-1; purin-rich alpha 1 At2g32080.1 16 

Phosphoglycerate kinase family protein At1g56190.1 16 

NRS/ER, UER1; nucleotide-rhamnose synthase/epimerase-reductase At1g63000.1 16 

RPT6A, ATSUG1; regulatory particle triple-A ATPase 6A At5g19990.1 13 

ATPE; ATP synthase epsilon chain Atcg00470.1 11 
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LHCA2; photosystem I light harvesting complex gene 2 At3g61470.1 10 

POR B; protochlorophyllide oxidoreductase B At4g27440.1 10 

ANNAT1, OXY5, ATOXY5; annexin 1 At1g35720.1 10 

TUF, emb2448, TUFF, VHA-E1; vacuolar ATP synthase subunit E1 At4g11150.1 10 

GRF3, RCI1; general regulatory factor 3 At5g38480.1 10 

FAB1, KAS2, ATKAS2; fatty acid biosynthesis 1 At1g74960.1 10 

GGT1, AOAT1, GGAT1; glutamate:glyoxylate aminotransferase At1g23310.1 10 

FTSH1; FTSH protease 1 At1g50250.1 9 

LOX2, ATLOX2; lipoxygenase 2 At3g45140.1 8 

IDH1, IDH-I; isocitrate dehydrogenase 1 At4g35260.1 8 

SHM1, STM, SHMT1; serine transhydroxymethyltransferase 1 At4g37930.1 8 

Rieske (2Fe-2S) domain-containing protein At1g71500.1 8 

TROL; thylakoid rhodanase-like At4g01050.1 7 

Ribose 5-phosphate isomerase, type A protein At3g04790.1 7 

PSBQ, PSBQ-2, PSII-Q; photosystem II subunit Q-2 At4g05180.1 7 

Aldolase superfamily protein At3g52930.1 6 

VAR1, FTSH5; FtsH extracellular protease family At5g42270.1 6 

OEP16-3; mitochondrial import inner membrane translocase subunit At2g42210.1 6 

VAR2, FTSH2; FtsH extracellular protease family At2g30950.1 5 

PTAC16; plastid transcriptionally active 16 At3g46780.1 5 

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 5 

ATGRP7, CCR2, GR-RBP7, GRP7; cold, circadian rhythm, and RNA 
binding 2 

At2g21660.1 5 

RCA; rubisco activase At2g39730.1 5 

DSP4, SEX4, ATSEX4; dual specificity protein phosphatase (DsPTP1) 
family protein 

At3g52180.1 5 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 4 

Mitochondrial substrate carrier family protein At5g19760.1 4 

CA1, ATBCA1, SABP3, ATSABP3; carbonic anhydrase 1 At3g01500.1 4 

CaS; calcium sensing receptor At5g23060.1 4 

NAD(P)-binding Rossmann fold superfamily protein At4g35250.1 4 

EIF4A1, RH4, TIF4A1; eukaryotic translation initiation factor 4A1 At3g13920.1 4 

FAD/NAD(P)-binding oxidoreductase At1g15140.1 4 

ATS9, RPN6; non-ATPase subunit 9 At1g29150.1 4 

ATPF; ATPase, F0 complex, subunit B/B', bacterial/chloroplast Atcg00130.1 4 

LHCA4, CAB4; light-harvesting chlorophyll-protein complex I subunit 
A4 

At3g47470.1 4 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 4 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 3 

Glycine cleavage T-protein family At1g11860.1 3 

PGK1; phosphoglycerate kinase 1 At3g12780.1 3 
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LHCB4.2; light harvesting complex photosystem II At3g08940.2 3 

Aldolase superfamily protein At4g26530.1 3 

GAPC-2, GAPC2; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 3 

FBA2; fructose-bisphosphate aldolase 2 At4g38970.1 3 

Transketolase At3g60750.1 2 

ATPC1; ATPase, F1 complex, gamma subunit protein At4g04640.1 2 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 2 

PSBB; photosystem II reaction center protein B Atcg00680.1 2 

LHCA1; photosystem I light harvesting complex gene 1 At3g54890.1 2 

LHCB5; light harvesting complex of photosystem II 5 At4g10340.1 2 

ATP5; delta subunit of Mt ATP synthase At5g13450.1 2 
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Supplementary Table 5. Proteins extracted from suspension-cultured cells identified with  
a confidence level of at least 99% in fractions of native elution in AC/MS experiments with 
biologically active AtPNP-A peptide. 
 

   

Protein name AGI RSC 
   

Atnudt3, NUDT3; nudix hydrolase homolog 3 At1g79690.1 149 

SDH1-1; succinate dehydration 1-1 At5g66760.1 53 

ATPase, F1 complex, alpha subunit protein At2g07698.1 48 

NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 45 

ATPHB2, PHB2; prohibitin 2 At1g03860.1 38 

SUS1, ASUS1, atsus1; sucrose synthase 1 At5g20830.1 33 

SUS4, ATSUS4; sucrose synthase 4 At3g43190.1 27 

MTHSC70-2, HSC70-5; mitochondrial HSO70 2 At5g09590.1 25 

Mov34/MPN/PAD-1 family protein At5g23540.1 22 

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 21 

VDAC2, ATVDAC2; voltage dependent anion channel 2 At5g67500.1 12 

PRXIIF, ATPRXIIF; peroxiredoxin IIF At3g06050.1 10 

ATPHB3, PHB3; prohibitin 3 At5g40770.1 9 

MPPBETA; insulinase (peptidase family M16) protein At3g02090.1 8 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 7 

Cytochrome C1 family At3g27240.1 7 

ATP synthase alpha/beta family protein At5g08670.1 5 

AAC1; ADP/ATP carrier 1 At3g08580.1 5 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 3 
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Supplementary Table 6. Proteins extracted from suspension-cultured cells identified with  
a confidence level of at least 99% in fractions of denaturing elution in AC/MS experiments with 
biologically active AtPNP-A peptide. 
 

   

Protein name AGI RSC 
   

Atnudt3, NUDT3; nudix hydrolase homolog 3 At1g79690.1 135 

LOX1, ATLOX1; lipoxygenase 1 At1g55020.1 67 

Clathrin, heavy chain At3g08530.1 63 

Coatomer, beta subunit At4g31480.1 52 

BCS1; cytochrome BC1 synthesis At3g50930.1 37 

RPT5A, ATS6A.2; regulatory particle triple-A ATPase 5A At3g05530.1 30 

HAP6; ribophorin II (RPN2) family protein At4g21150.1 29 

BIG, DOC1, TIR3, UMB1, ASA1, LPR1, CRM1; auxin transport protein 
(BIG) 

At3g02260.1 29 

ATC4H, C4H CYP73A5, REF3; cinnamate-4-hydroxylase At2g30490.1 28 

Thioredoxin superfamily protein At3g11630.1 28 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 26 

ATARFA1F, aRFA1F; ADP-ribosylation factor A1F At1g10630.1 25 

NIT2, AtNIT2; nitrilase  At3g44300.1 24 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 24 

Coatomer, alpha subunit At2g21390.1 23 

AAA-type ATPase family protein At1g45000.1 22 

Ras-related small GTP-binding family protein At5g59840.1 22 

IDH1, IDH-I; isocitrate dehydrogenase 1 At4g35260.1 21 

UDP-glucose 6-dehydrogenase family protein At5g15490.1 21 

AHA2, PMA2, HA2; H+-ATPase 2 At4g30190.1 21 

VHA-A; vacuolar ATYP synthase subunit A At1g78900.1 20 

Mov34/MPN/PAD-1 family protein At5g23540.1 20 

SDH1-1; succinate dehydrogenase 1-1 At5g66760.1 20 

ANNAT2; annexin 2 At5g65020.1 19 

ANNAT1, OXY5, ATOXY5; annexin 1 At1g35720.1 18 

CDC48, ATCDC48, CDC48A; cell division cycle 48 At3g09840.1 18 

Coatomer gamma-2 subunit, putative/gamma-2 coat protein, putative At4g34450.1 17 

AAC2; ADP/ATP carrier 2 At5g13490.1 17 

SUS4, ATSUS4; sucrose synthase 4 At3g43190.1 17 

MAT3; methionine adenosyltransferase 3 Atcg36880.1 16 

ATS9, RPN6; non-ATPase subunit 9 At1g29150.1 16 

XPO1A, ATCRM1, ATXPO1, XPO1, HIT2; exportin 1A At5g17020.1 16 

SUS1, ASUS1, atsus1; sucrose synthase 1 At5g20830.1 14 

ATGSTU19, GST8, GSTU19; glutathione S-transferase TAU 19 At1g78380.1 14 

GDH2; glutamate dehydrogenase 2 At5g07440.1 13 
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ATNIFS1, NIFS1, NFS1, ATNFS1; nitrogen fixation S (NIFS)-like 1 At5g65720.1 13 

AAA-type ATPase family protein At2g20140.1 13 

Protection of unknown function DUF2359, transmembrane At1g70770.1 12 

Glycyl-tRNA synthetase/glycine-tRNA ligase At1g29880.1 12 

YDK1, GH3.2, BRU6, GH3-2, AUR3; auxin-responsive GH3 family 
protein 

At4g37390.1 12 

UDP-glucose 6-dehydrogenase family protein At3g29360.1 12 

ATPase, V1 complex, subunit B protein At1g20260.1 11 

DHS1; 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase 1 At4g39980.1 11 

RPT3; regulatory particle triple-A ATPase 3 At5g58290.1 11 

Coatomer, beta' subunit At1g52360.1 11 

26S proteasome, regulatory subunit Rpn7; proteasome component (PCI) 
domain 

At4g24820.1 10 

RPT6A, ATSUG1; regulatory particle triple-A ATPase 6A At5g19990.1 10 

Clathrin light chain protein At2g40060.1 10 

ATP3; gamma subunit of Mt ATP synthase At2g33040.1 10 

SPFH/Band 7/PHB domain-containing membrane-associated protein 
family 

At4g27585.1 9 

DGL1; dolichyl-diphosphooligosaccharide-protein glycosyltransferase 
48kDa subunit 

At5g66680.1 9 

EMB2719, HAP15; PAM domain (PCI/PINT associated module) protein At1g20200.1 8 

ATMLP-470, NSP1, ATNSP1; nitrile specifier protein 1 At3g16400.1 8 

PRXIIF, ATPRXIIF; peroxiredoxin IIF At3g06050.1 8 

O-methyltransferase family protein At1g76790.1 8 

ARM repeat superfamily protein At3g62530.1 8 

Vacuolar ATP synthase subunit H family protein At3g42050.1 8 

RPT1A; regulatory particle triple-A 1A At1g53750.1 8 

ATPase, V0/A0 complex, subunit C/D At3g28710.1 8 

PAL1, ATPAL1; PHE ammonia lyase 1 At2g37040.1 8 

UDP-glycosyltransferase superfamily protein At2g30140.1 7 

TSB1, TRPB, TRP2, ATTSB1; tryptophan synthase beta-subunit 1 At5g54810.1 7 

Aldolase superfamily protein At2g01140.1 7 

Pyruvate kinase family protein At5g63680.1 7 

Cytosol aminopeptidase family protein At2g24200.1 7 

ATPUMP1, UCP, PUMP1, ATUCP1, UCP1; plant uncoupling 
mitochondrial protein 1 

At3g54110.1 6 

Class I glutamine amidotransferase-like superfamily protein At3g14990.1 6 

NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 6 

AtcwINV6, cwINV6; 6-1-fructan exohydrolase At5g11920.1 6 

Plant mitochondrial ATPase, F0 complex, subunit 8 protein At2g07707.1 6 

PDF1, PR 65, PP2AA2; protein phosphatase 2A subunit A2 At3g25800.1 6 
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Coatomer epsilon subunit At1g30630.1 6 

Uncharacterised protein family (UPF0041) At4g22310.1 6 

PHT3;1; phosphate transporter 3;1 At5g14040.1 5 

Glutamyl/glutaminyl-tRNA synthetase, class Ic At5g26710.1 5 

RPN1A, ATRPN1A; 26S proteasome regulatory subunit S2 At2g20580.1 5 

Mitochondrial substrate carrier family protein At5g19760.1 4 

Protein of unknown function (GUF3411) At5g12470.1 4 

ARD, ATARD3, ARD3; acireductone dioxygenase 3 At2g26400.1 4 

TUF, emb2448, TUFF, VHA-E1; vacuolar ATP synthase subunit E At4g11150.1 4 

Haloacid dehalogenase-like hydrolase (HAD) superfamily protein At5g44730.1 4 

Class I glutamine amidotransferase-like superfamily protein At4g30530.1 4 

EIF4A-2; eif4a-2 At1g54270.1 4 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 3 

GHBDH, ATGHBDH, GLYR1, GR1; glyoxylate reductase 1 At3g25530.1 3 

Aluminium induced protein with YGL and LRDR motifs At4g27450.1 3 

ASP2, AAT2; aspartare aminotransferase 2 At5g19550.1 3 

Class-II DAHP synthetase family protein At1g22410.1 2 

ATPHB3, PHB3; prohibitin 3 At5g40770.1 2 

GRF3, RCI3; general regulatory factor 3 At5g38480.1 2 

ATPHB1, PHB1; prohibitin 1 At4g28510.1 2 

CDKA1, CDC2AAT, CDK2, CDC2, CDC2A; cell division control 2 At3g48750.1 2 
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Supplementary Table 7. Proteins extracted from suspension-cultured cells and stem tissue 
identified with a confidence level of at least 99% in fractions of native and denaturing elution in 
AC/MS experiments with biologically active AtPNP-A peptide. 
 

  

Protein name AGI 
  

AAC1; ADP/ATP carrier 1 At3g08580.1 

Coatomer epsilon subunit At1g30630.1 

ATP synthase alpha/beta family protein At5g08670.1 

ATPase, F1 complex, alpha subunit protein At2g07698.1 

Mav34/MPN/PAD-1 family protein At5g23540.1 

Class-II DAHP synthetase family protein At1g22410.1 

UDP-glucose 6-dehydrogenase family protein At3g29360.1 

ATC4H, C4H, CYP73A5, REF3; cinnamate-4-hydroxylase At2g30490.1 

Coatomer gamma-2 subunit, putative/gamma-2 coat protein, putative/gamma-2 
COP 

At4g34450.1 

Coatomer, alpha subunit At2g21390.1 

Coatomer, beta subunit At4g31480.1 

PHT3;1; phosphate transporter 3;1 At5g14040.1 

ATP3; gamma subunit of Mt ATP synthase At2g33040.1 

Protein of unknown function DUF2359, transmembrane At1g70700.1 

UDP-glucose 6-dehydrogenase family protein At5g15490.1 

Protein of unknown function (DUF3411) At5g12470.1 

MAT3; methionine adenosyltransferase 3 At2g36880.1 

Vacuolar ATP synthase subunit H family protein At3g42050.1 

Clathrin, heavy chain At3g08530.1 
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Supplementary Table 8. Proteins extracted from stem and leaf tissue identified with a confidence 
level of at least 99% in fractions of native and denaturing elution in AC/MS experiments with 
biologically active AtPNP-A peptide. 
 

  

Protein name AGI 
  

POR B; protochlorophyllide oxidoreductase B At4g27440.1 

GAPB; glyceraldehyde-3-phosphate dehydrogenase B subunit At1g42970.1 

VAR1, FTSH5; FtsH extracellular protease family At5g42270.1 

GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 

ATGRP7, CCR2, GR-RBP7, GRP7; cold, circadian rhythm, and RNA binding 2 At2g21660.1 

ATPC1; ATPase, F1 complex, gamma subunit protein  At4g04640.1 

PSBO-1, OEE1, OEE33, OE33, PSBO1, MSP-1; PS II oxygen-evolving complex 
1 

At5g66570.1 

CA1, ATBCA1, SABP3, aTSABP3; carbonic anhydrase 1 At3g01500.1 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 

ATPB, PB; ATP synthase subunit beta Atcg00480.1 

FBA2; fructose-bisphosphate aldolase 2 At4g38970.1 

LHCB4.2; light harvesting complex photosystem II At3g08940.2 

PSAF; photosystem I subunit F At1g31330.1 

GAPC-2, GAPC; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 

LHCA2; photosystem I light harvesting complex 2 At3g61470.1 

ATPF, ATPase, F0 complex, subunit B/B', bacterial/chloroplast Atcg00130.1 

Ribulose bisphosphate carboxylate (small chain) family protein At5g38410.1 

POR C, PORC; protochlorophyllide oxidoreductase C At1g03630.1 

CaS; calcium sensing receptor At5g23060.1 

PTAC16; plastid transcriptionally active 16 At3g46780.1 

ATTIC110, TIC110; translocon at the inner envelope membrane of chloroplasts 
110 

At1g06950.1 

ATMS2, MS2; methionine synthase 2 At3g03780.1 

Rieske (2Fe-2S) domain-containing protein At1g71500.1 

PSBB; photosystem II reaction center protein B Atcg00680.1 

NRS/ER, UER1; nucleotide-rhamnose synthase/epimerase-reductase At1g63000.1 

APS1; ATP sulfurylase 1 At3g22890.1 

RPT2a; regulatory particle AAA-ATPase 2A At4g29040.1 

VDAC3, ATVDAC3; voltage dependent anion channel 3 At5g15090.1 

LHCA1; photosystem I light harvesting complex gene 1 At3g54890.1 

P5CS1, ATP5CS; delta1-pyrroline-5-carboxylate synthase 1 At2g39800.1 

Rhodanase/Cell cycle control phosphatase superfamily protein At3g59780.1 

PGK1; phosphoglycerate kinase 1 At3g12780.1 

ATAMY3, AMY3; alpha-amylase-like 3 At1g69830.1 
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LHCA4, CAB4; light-harvesting chlorophyll-protein complex I subunit A4 At3g47470.1 

ATPA; ATP synthase subunit alpha Atcg00120.1 

LHCB5; light harvesting complex of photosystem II 5 At4g10340.1 

DSP4, SEX4, ATSEX4; dual specificity protein phosphatase (DsPTP1) family 
protein 

At3g52180.1 

RCA; rubisco activase At2g39730.1 
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Supplementary Table 9. Proteins extracted from suspension-cultured cells and leaf tissue 
identified with a confidence level of at least 99% in fractions of native and denaturing elution in 
AC/MS experiments with biologically active AtPNP-A peptide. 
 

  

Protein name AGI 
  

TUF, emb2448, TUFF, VHA-E1; vacuolar ATP synthase subunit E1 At4g11150.1 

ARM repeat superfamily protein At3g62530.1 

ATARFA1F, ARFA1F; ADP-ribosylation factor A1F  At1g10630.1 

ANNAT1, OXY5, ATOXY5; annexin 1 At1g35720.1 

GRF3, RCI1; general regulatory factor 3 At5g38480.1 

IDH1, IDH-J; isocitrate dehydrogenase J At4g35260.1 

ATS9, RPN6; non-ATPase subunit 9 At1g29150.1 
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Supplementary Table 10. Proteins extracted from suspension-cultured cells, stem and leaf tissue 
identified with a confidence level of at least 99% in fractions of native and denaturing elution in 
AC/MS experiments with biologically active AtPNP-A peptide. 
 

  

Protein name AGI 
  

VHA-A; vacuolar ATP synthase subunit A At1g78900.1 

Clathrin light chain protein At2g40060.1 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family protein At5g17920.1 

AAA-type ATPase family protein  At1g45000.1 

ATPase, V1 complex, subunit B protein At1g20260.1 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family protein At5g58290.1 

RPN1A, ATRPN1A; 26S proteasome regulatory subunit S2 1A At2g20580.1 

Mitochondrial substrate carrier family protein At5g19760.1 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 

RPT6A, ATSUG1; regulatory particle triple-A ATPase 6A At5g19990.1 
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Supplementary Table 11. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in AC/MS experiments using proteins extracted from 
stem, leaf, and suspension-cultured cells.  
A) Biological process category.  
 

   

Term Level Adjusted  
p-value 

   

Photosynthesis (GO:0015979) 3 2.8e-19 

Response to stress (GO:0006950) 3 1.63e-3 

Catabolic process (GO:0009056) 3 6.18e-3 

Cellular metabolic process (GO:0044237) 3 2.26e-2 

Response to abiotic stimulus (GO:0009628) 3 2.33e-2 

Biosynthetic process (GO:0009058) 3 4.1e-2 

Generation of precursor metabolites and energy (GO:0009266) 4 2.39e-8 

Response to temperature stimulus (GO:0009266) 4 2.4e-4 

Macromolecule catabolic process (GO:0009057) 4 2.83e-4 

Cofactor metabolic process (GO:0051186) 4 1.4e-3 

Cellular catabolic process (GO:0044248) 4 3.7e-3 

Sulfur metabolic process (GO:0006790) 4 2.04e-2 

Organic acid metabolic process (GO:0006082) 4 2.35e-2 

Cellular biosynthetic process (GO:0044249) 4 2.35e-2 

Photosynthesis, light reaction (GO:0019684) 5 1.53e-11 

Nucleoside phosphate metabolic process (GO:0006753) 5 1.22e-5 

Hydrogen transport (GO:0006818) 5 1.22e-5 

Energy-coupled proton transport, down electrochemical gradient 
(GO:0015985) 

5 1.22e-5 

Nucleotide metabolic process (GO:0009117) 5 8.51e-5 

Response to cold (GO:0009409) 5 8.57e-5 

Coenzyme metabolism (GO:0006752) 5 1.3e-4 

Cellular macromolecule catabolic process (GO:0044265) 5 2.34e-4 

Biopolymer catabolic process (GO:0043285) 5 6.31e-4 

Sulfur compound biosynthetic process (GO:0044272) 5 7.5e-4 

Coenzyme metabolic process (GO:0006732) 5 1.2e-3 

Golgi organization and biogenesis (GO:0007030) 5 2.09e-3 

Cofactor biosynthetic process (GO:0051188) 5 3.61e-3 

Carboxylic acid metabolic process (GO:0019752) 5 4.72e-2 

Nucleoside triphosphate metabolic process (GO:0009141) 6 12e-5 

Photosynthetic electron transport (GO:0009767) 6 1.25e-5 

Purine nucleotide metabolic process (GO:0006163) 6 2.11e-5 

Ribonucleotide metabolic process (GO:0009259) 6 2.63e-5 

Nucleotide biosynthetic process (GO:0009165) 6 7.85e-5 
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Photosynthesis, light harvesting (GO:0009765) 6 2.04e-4 

Coenzyme biosynthetic process (GO:0009108) 6 9.62e-4 

Protein catabolic process (GO:0030163) 6 2.26e-3 

Regulation of protein stability (GO:0031647) 6 7.12e-3 

S-adenosylmethionine metabolic process (GO:0046500) 6 16e-2 

Modification-dependent macromolecule catabolic process 
(GO:0043632) 

6 4.95e-2 

 
Nucleotide triphosphate biosynthetic process (GO:0009142) 7 1.83e-5 

Purine nucleoside triphosphate metabolic process (GO:0009144) 7 1.83e-5 

Oxidative phosphorylation (GO:0006119) 7 3.21e-5 

Purine ribonucleotide metabolic process (GO:0009150) 7 3.55e-5 

Purine nucleotide biosynthetic process (GO:0006164) 7 4.46e-5 

Ribonucleoside triphosphate metabolic process (GO:0009199) 7 7.44e-5 

Photosynthetic electron transport in photosystem I (GO:0009773) 7 2.8e-4 

Ribonucleotide biosynthetic process (GO:0009260) 7 3.01e-4 

Monovalent inorganic cation transport (GO:0015672) 7 1.44e-3 

Cellular protein catabolic process (GO:0044257) 7 4.89e-3 

Sulfur amino acid metabolic process (GO:0000096) 7 7.82e-3 

Protein stabilization (GO:0050821) 7 8.17e-3 

Photosynthesis, light harvesting in photosystem I (GO:0009768) 7 1.25e-2 

Purine nucleoside triphosphate biosynthetic process (GO:009145) 8 8.96e-5 

Ribonucleoside triphosphate biosynthetic process (GO:0009201) 8 3.02e-4 

Purine ribonucleosidetriphosphate metabolic process (GO:0009205) 8 3.02e-4 

Proton transport (GO:0015992) 8 3.02e-4 

Purine ribonucleotide biosynthetic process (GO:0009152) 8 11e-3 

Sulfur amino acid biosynthetic process (GO:0000097) 8 2.33e-3 

ATP metabolic process (GO:0046034) 9 5.65e-3 

Purine ribonucleoside triphosphate biosynthetic process (GO:0009206) 9 6.29e-3 
   

 
 
Supplementary Table 11. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in AC/MS experiments using proteins extracted from 
stem, leaf, and suspension-cultured cells.  
B) Molecular function category.  
 

   

Term Level Adjusted  
p-value 

   

Tetrapyrrole binding (GO:0046906) 3 5.97e-11 

Ion transporter activity (GO:0015075) 3 4.2e-2 

Chlorophyll binding (GO:0016168) 4 2.11e-13 

Hydrolase activity, acting on acid anhydrides (GO:0016817) 4 5.27e-3 

Cation transporter activity (GO:0008324) 4 2.03e-2 
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Ligase activity, forming carbon-carbon bonds (GO:0016885) 4 3.18e-2 

Primary active transporter activity (GO:0015399) 4 4.9e-2 

Monovalent inorganic cation transporter activity (GO:0015077) 5 3.62e-4 

Hydrolase activity, acting on acid anhydrides, in phosphorous-
containing anhydrides (GO:0016818) 

5 2.95e-3 

Methionine adenosyltransferase activity (GO:0004478) 5 1.92e-2 

CoA carboxylase activity (GO:0016421) 5 5e-2 

Hydrogen ion transporter activity (GO:0015078) 6 1.72e-3 

Pyrophosphatase activity (GO:0016462) 6 2.35e-2 

5-methyltetrahydrofolate-dependent methyltransferase activity 
(GO:0042084) 

6 2.35e-2 

5-methyltetrahydropteroyltri-L-glutamate-dependent methyltransferase 
activity (GO:0042085) 

6 2.35e-2 

5-methyltetrahydropteroyltriglutamate-homocysteine S-
methyltransferase activity (GO:0003871) 

7 3.6e-2 

Methionine synthase activity (GO:0008705) 7 3.6e-2 
   

 
 
Supplementary Table 11. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in AC/MS experiments using proteins extracted from 
stem, leaf, and suspension-cultured cells.  
C) Cellular component category. 
 

   

Term Level Adjusted  
p-value 

   

Organelle part (GO:0044422) 3 1.21e-20 

Membrane-bound organelle (GO:0043227) 3 2.47e-7 

Intracellular (GO:0005622) 4 3.56e-13 

Intracellular part (GO:0044424) 5 1.6e-11 

Proton-transporting ATP synthase complex (GO:0045255) 5 6.03e-3 

Membrane part (GO:0044425) 5 3.71e-2 

Light-harvesting complex (GO:0030076) 6 1.76e-6 

Cytoplasm (GO:0005737) 6 8.39e-6 

Proton-transporting ATP synthase complex (GO:0045259) 6 2.83e-5 

Proteasome complex (sensu Eukaryota) (GO:0000502) 6 3.22e-5 

Nucleoid (GO:0009295) 6 2.96e-3 

Intracellular organelle part (GO:004446) 7 6.38e-13 

Proteasome regulatory particle (sensu Eukaryota) (GO:0005858) 7 6.42e-7 

Cytoplasmic part (GO:0044444) 7 3.24e-4 

Organelle subcompartment (GO:0031984) 8 3.51e-21 

Thylakoid (GO:0009579) 8 2.37e-20 

Organelle membrane (GO:0031090) 8 4.14e-19 

Proteasome regulatory particle, base subcomplex (sensu Eukaryota) 8 5.27e-7 
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(GO:0008540) 

Plastid (GO:0009536) 8 1.87e-4 

Acetyl-CoA carboxylase complex (GO:0009317) 8 7.96e-4 

Organelle envelope (GO:0031967) 8 3.24e-2 

Proton-transporting two-sector ATPase complex (GO:0016469) 8 4.88e-2 

Thylakoid part (GO:0044436) 9 5e-17 

Plastid part (GO:0044435) 9 8.13e-17 
   

 
 
Supplementary Table 11. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in AC/MS experiments using proteins extracted from 
stem, leaf, and suspension-cultured cells.  
D) KEGG annotations.  
 

  

Term Adjusted p-value 
  

Photosynthesis (ath00196) 1.68e-5 

Methionine metabolism (ath00271) 1.34e-2 

Proteasome (ath03050) 1.66e-2 
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Supplementary Table 12. Proteins extracted from leaf tissue identified with a confidence level of 
at least 99% in fractions of native elution in Co-IP/MS experiments. 
 

   

Protein name AGI RSC 
   

NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 426 

PSAF; photosystem I subunit F At1g31330.1 48 

Thioredoxin superfamily protein At3g11630.1 45 

ATPase, V1 complex, subunit B protein At1g20260.1 17 

Translation elongation factor EF1B/ribosomal protein S6 family protein At5g19510.1 12 

Unknown protein At5g28500.1 11 

LOX2, ATLOX2; lipoxygenase 2 At3g45140.1 8 

POR B; protochlorophyllide oxidoreductase B At4g27440.1 8 

TPP2; tripeptidyl peptidase II At4g27220.1 5 

GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A subunit 2 At4g20850.1 4 

RBCL; ribulose-bisphosphate carboxylases At1g12900.1 3 

ATPA; ATP synthase subunit alpha Atcg00120.1 3 

RBCS1A; ribulose bisphosphate carboxylase small chain 1A At1g67090.1 2 

ATRAB8D, ATRABE1B, RAB GTPase homolog E1B At4g20360.1 2 

ATCIMS, ATMETS, ATMS1; cobalamin-independent synthase family 
protein 

At5g17920.1 2 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 2 

Translation protein SH3-like family protein At5g54600.1 2 

PGK1; phosphoglycerate kinase 1 At3g12780.1 2 
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Supplementary Table 13. Proteins extracted from leaf tissue identified with a confidence level of 
at least 99% in fractions of denaturing elution in Co-IP/MS experiments. 
 

   

Protein name AGI RSC 
   

Transketolase At3g60750.1 70 

CA1, ATBCA1, SABP3, aTSABP3; carbonic anhydrase 1 At3g01500.1 62 

Aldolase-type TIM barrel family protein At3g14420.1 52 

EIF4A1, RH4, TIF4A1; eukaryotic translation initiation factor 4A1 At3g13920.1 48 

NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 47 

APS1; ATP sulfurylase 1 At3g22890.1 27 

LTA2, PLE2; 2-oxoacid dehydrogenases acyltransferase family protein At3g25860.1 24 

UGP, UGP1, AtUGP1; UDP-glucose pyrophosphorylase 1 At3g03250.1 21 

POR B; protochlorophyllide oxidoreductase  At4g27440.1 20 

Thioredoxin superfamily protein At3g11630.1 18 

ATCIMS, ATMETS, ATMS1; cobalamin independent synthase family 
protein 

At5g17920.1 17 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 17 

ANNAT1, OXY5, ATOXY5; annexin 1 At1g35720.1 17 

GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A subunit 2 At1g12900.1 14 

ATPDX1.1, PDX1.1; pyridoxine biosynthesis 1.1 At2g38230.1 13 

FBA2; fructose-bisphosphate aldolase 2 At4g38970.1 13 

LOX2, ATLOX2; lipoxygenase 2 At3g45140.1 11 

PGM3; phosphoglucomutase/phosphomannomutase family protein At1g23190.1 11 

CaS; calcium sensing receptor At5g23060.1 10 

PGM2; phosphoglucomutase/phosphomannomutase family protein At1g70730.1 10 

6-phosphogluconate dehydrogenase family protein At1g64190.1 10 

Translation elongation factor EF1B, gamma chain At1g57720.1 9 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 9 

GGT1, AOAT1, GGAT1; glutamate:glyoxylate aminotransferase At1g23310.1 8 

ATGRP7, CCR2, GR-RBP7, GRP7; cold, circadian rhythm, and RNA 
binding 2 

At2g21660.1 8 

ATPase, f1 complex, alpha subunit protein At2g07698.1 8 

PGK1; phosphoglycerate kinase 1 At3g12780.1 7 

ATPA; ATP synthase subunit alpha Atcg00120.1 6 

EMB3003; 2-oxoacid dehydrogenases acyltransferase family protein At1g34430.1 6 

GAPA, GAPA-1; glyceradehyde 3-phosphate dehydrogenase A subunit At3g26650.1 5 

RBCL; ribulose-bisphosphate carboxylases Atcg00490.1 5 

MTO3, SAMS, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 5 

THI1, TZ, THI4; thiazole biosynthetic enzyme At5g54770.1 5 

ASP2, AAT2; aspartate aminotransferase 2 At5g19550.1 4 

GAPC, GAPC-1, GAPC1; glyceraldehyde-3-phosphate dehydrogenase C At3g04120.1 4 
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subunit 1 

GAP2, GAPC-2; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 3 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 3 

GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 3 

GTP binding elongation factor Tu family protein At1g07920.1 3 

RCA; rubisco activase At2g39730.1 3 

Single hybrid motif superfamily protein At3g15690.2 2 
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Supplementary Table 14. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in Co-IP/MS experiments using proteins extracted 
from stem, leaf, and suspension-cultured cells. 
A) Biological process category.  
 

   

Term Level Adjusted  
p-value 

   

Response to stress (GO:0006950) 3 2.26e-2 

Response to abiotic stimulus (GO:0009628) 3 4.94e-2 

Response to temperature stimulus (GO:0009266) 4 1.78e-2 

Carbon utilization by fixation of carbon dioxide (GO:0015977) 4 1.78e-2 

Response to cold (GO:0009409) 5 2.28e-2 

Carbon utilization (GO:0015976) 5 3e-2 
   

 
 
Supplementary Table 14. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in Co-IP/MS experiments using proteins extracted 
from stem, leaf, and suspension-cultured cells.  
B) Molecular function category.  
 

   

Term Level Adjusted  
p-value 

   

Glyceraldehyde-3-phosphate dehydrogenase activity (GO:0008943) 6 2.19e-2 

Ribulose-bisphosphate carboxylase activity (GO:0016984) 6 2.19e-2 
   

 
 
Supplementary Table 14. GO enrichment (adjusted p-value < 0.05) of all proteins identified in 
fractions of native and denaturing elution in Co-IP/MS experiments using proteins extracted 
from stem, leaf, and suspension-cultured cells.  
C) Cellular component category.  
 

   

Term Level Adjusted  
p-value 

   

Organelle part (GO:0044422) 3 2.97e-2 

Intracellular (GO:0005622) 4 1.43e-2 

Intracellular part (GO:0044424) 5 1.42e-2 

Thylakoid (GO:0009579) 8 6.39e-4 

Organelle subcompartment (GO:0031984) 8 6.39e-4 

Organelle membrane (GO:0031090) 8 2.23e-2 

Thylakoid part (GO:0044436) 9 9.6e-4 

Plastid part (GO:0044435) 9 8.07e-3 
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Supplementary Table 15. Overlap of proteins identified as candidate interactants of AtPNP-A in 
AC/MS, Co-IP/MS, and cross-linking experiments.  
 

  

Protein name AGI 
  

CA1, ATBCA1, SABP3, ATSABP3; carbonic anhydrase 1 At3g01500.1 

GS2, GLN2, ATGSL1; glutamine synthetase 2 At5g35630.1 
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Supplementary Table 16. Overlap of proteins identified as candidate interactants of AtPNP-A 
both in AC/MS and in Co-IP/MS experiments.  
 

  

Protein name AGI 
  

NIT1, ATNIT1, NITI; nitrilase 1 At3g44310.1 

PSAF; photosystem I subunit F At1g31330.1 

Thioredoxin superfamily protein At3g11630.1 

ATPase, V1 complex, subunit B protein At1g20260.1 

LOX2, aTLOX2; lipoxygenase 2 At3g45140.1 

POR B; protochlorophyllide oxidoreductase B At4g27440.1 

GAPA-2; glyceraldehyde 3-phosphate dehydrogenase A subunit 2 At1g12900.1 

RBCS1A; ribulosebisphosphate carboxylase small chain 1A At1g67090.1 

ATRAB8D, ATRABE1B, RABE1b; RAB GTPase homolog E1B At4g20360.1 

ATCIMS, ATMETS, ATMS1l cobalamin-independent synthase family protein At5g17920.1 

Ribulose bisphosphate carboxylase (small chain) family protein At5g38410.1 

PGK1; phosphoglycerate kinase 1 At3g12780.1 

Transketolase At3g60750.1 

EIF4A1, RH4, TIF4A1; eukaryotic translation initiation factor 4A1 At3g13920.1 

APS1; ATP sulfurylase 1 At3g22890.1 

LHCA3; photosystem I light harvesting complex gene 3 At1g61520.1 

ANNAT1, OXY5, ATOXY5; annexin 1 At1g35720.1 

FBA2; fructose-bisphosphate aldolase 2 At4g38970.1 

CaS; calcium sensing receptor At5g23060.1 

Translation elongation factor EF1B, gamma chain At1g57720.1 

GGT1, AOAT1, GGAT1; glutamate:glyoxylate aminotransferase At1g23310.1 

ATGRP7, CCR2, GR-RBP7, GRP7; cold, circadian rhythm, and RNA binding 2 At2g21660.1 

ATPase, F1 complex, alpha subunit protein At2g07698.1 

GAPA, GAPA-1; glyceraldehyde 3-phosphate dehydrogenase A subunit At3g26650.1 

MTO3, SAMS3, MAT4; S-adenosylmethionine synthetase family protein At3g17390.1 

ASP2, AAT2; aspartate aminotransferase 2 At5g19550.1 

GAPC-2, GAPC2; glyceraldehyde-3-phosphate dehydrogenase C2 At1g13440.1 

GTP binding elongation factor Tu family protein  At1g07920.1 

RCA; rubisco activase At2g39730.1 
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Supplementary Table 17. Overlap of proteins identified as candidate interactants of AtPNP-A 
both in AC/MS and in cross-linking experiments.  
 

  

Protein name AGI 
  

AAC1; ADP/ATP carrier 1 At3g08580.1 

ATP synthase alpha/beta family protein At5g08670.1 

PETC, PGR1; photosynthetic electron transfer C At4g03280.1 

ATPB, PB; ATP synthase subunit beta Atcg00480.1 

BOU; mitochondrial substrate carrier family protein At5g46800.1 

Rieske (2Fe-2S) domain-containing protein At1g71500.1 

PSBB; photosystem II reaction center protein B Atcg00680.1 

PTAC8, TMP14, PSAB, PSI-P; photosystem I P subunit At2g46820.1 
  

 


